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For the past 50 years, the electronics industry has profited from their ability
to follow Moores Law, doubling the performance of the computer chip ap-
proximately every two years. Traditionally, these improvements came from
reducing the size of the logic switches, or transistors, so that more could fit
in a given sized computer chip. However, the electronics industry has hit a
roadblock where merely shrinking components no longer improves the perfor-
mance. To overcome this hurdle, manufacturers are beginning to implement
non-traditional device structures and materials into computer chips.
Compound semiconductors are strong candidates for materials to replace
silicon based on their improved speed and efficiency with, importantly, lower
power requirements. III-V materials, like InGaAs and InAs, are promising can-
didates to replace silicon in areas in the transistor that require high conductivity
semiconductors. Low-power device architectures can be realized with GaN and
other III-N materials. Although charge-carrying electrons can move much faster
in these materials, a fundamental issue is getting enough free electrons into the
materials through a process called doping, hence limiting the conductivity that
can be achieved. This is the problem that my work addresses– studying how
fast thermal processing could improve the electrical properties of doped III-V
and III-N materials.
Using sub-millisecond to millisecond laser spike annealing (LSA), we can
transiently reach high annealing temperatures, and, in this way, improve con-
ductivity by achieving high active concentrations of dopants in these materials.
We have broadly characterized LSA for III-V and III-N materials with a high-
throughput, combinatorial processing method. With this method, we explored
kinetically limited states that are inaccessible using typical heating approaches
like furnace and rapid thermal annealing (RTA). We found that LSA increased
the activation of high-dose implanted dopants in InGaAs to a peak concentra-
tion beyond a previously established thermodynamic limit, improving dopant
activation by a highly significant 29%. In contrast to longer timescale anneals
(like those from furnace anneals or RTA), no deactivation is observed during
LSA processing for InGaAs samples with dopants grown in to active positions.
Our latest LSA studies of implanted GaN resulted in achieving nearly 100%
activation of dopants. In these millisecond time frames, LSA is effective for ion-
implantation dopant activation and for retention of metastable as-grown dopant
concentrations. Our work shows that this kind of metastable processing will be
critical to future device applications that use III-V and III-N materials.
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CHAPTER 1
INTRODUCTION
1.1 Motivation: Laser Annealing of III-V Materials
The functionality of electronics and optoelectronics are fundamentally defined
by the properties of the materials they are made from. As the demand for faster,
energy efficient electronics increases, the need for incorporation of new materi-
als is becoming more pressing. Performance improvements in current devices
as well as entirely new applications can be realized by choosing materials that
have properties that are well-suited for a particular use. Semiconductor mate-
rials from group III and V of the periodic table are especially well-suited for
this transition, covering a large parameter space of electrical and optical prop-
erties. By moving away from the limitations that come from modifications of a
single material like silicon, a whole range of new possibilities emerge for engi-
neering semiconductor band gaps, lattice constants, and mobilities. Optimizing
these materials and understanding their limits for a particular application are
critically reliant on processing, which will define how a material functions.
1.2 Thesis Overview
This thesis focuses on how high-temperature, short time-scale heating and
quenching with a laser affects III-V materials. A powerful, high-throughput
method was developed to rapidly characterize a continuous distribution of an-
nealing temperatures to determine how laser annealing changes properties of
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interest in III-V materials, in this case crystalline quality and electrical charac-
teristics. Additionally, metrics like annealing temperature and time were char-
acterized on these samples so that they could be directly compared to the es-
tablished results of longer timescale heating methods. This analysis allows
us to probe kinetically limited annealing states that are inaccessible to longer
timescale methods. We found that the high temperatures and short timescales
in laser annealing leads to improved electrical behavior compared to traditional,
longer timescale annealing methods.
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CHAPTER 2
BACKGROUND ON COMPOUND SEMICONDUCTORS
2.1 Compound Semiconductors
2.1.1 Material Properties
Compound semiconductors, a crystalline blend of two or more elements from
the periodic table like SiGe, GaN or InGaAs, represent a promising class of
materials that could enable improved performance and increased efficiency
in the operation of electronics. These materials overcome some of the chal-
lenges inherent in designing devices around an elemental semiconductors like
Si or Ge, and can have niche applications unavailable to elemental semiconduc-
tors [25, 26]. Compound semiconductors are unique because you can tune their
material and electrical properties by changing their composition, which is ideal
for engineering the next generation of electronic devices. Alloys of compound
semiconductors are especially powerful for their ability to form completely mis-
cible ternary and quaternary materials. This thermodynamic property allows
such alloys to explore a continuous change in a material or electrical property
based on composition [2]. For example, by blending two binary compound
semiconductors together into a ternary, e.g. blending InAs and GaAs to form
InGaAs, you can change both the band gap of the material as well as the lat-
tice constant. Figure 2.1 displays the γ-valley energy gap as a function of lattice
constant. The binary materials are displayed as points, whereas the band gap of
ternary or quaternary materials are shown along the solid curves that join the bi-
naries that they are composed of. This powerful property makes a rich material
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Figure 2.1: The Γ-valley energy gap as a function of lattice constant for III-
V materials. Both the lattice constant and Γ-valley energy gap
can be modified by changing the composition of the alloy, as
represented by the solid lines connecting the III-V compounds.
Reproduced with permission from Vurgaftman et al. [2], copy-
right Journal of Applied Physics 2001.
phase space, so that an ideal material can be designed based on its properties,
rather than limiting device design based on the properties of a single material.
Within the class of compound semiconductor materials, compounds with
direct band gaps, or optoelectronics, are particularly important for applications
like photovoltaics, energy conversion, and transistors. A well-known class of
optoelectronic materials is III-V compound semiconductors, which consist of
atoms from group III and V of the periodic table. These materials could allow
continued scaling of next generation transistors because of their fast electron
transport properties and low supply voltage requirements [27, 28, 29, 3, 30].
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Figure 2.2: The electron mobility (red squares) and hole mobility (blue cir-
cles) versus lattice constant for some III-V materials of interest
compared to elemental semiconductors like Si and Ge. III-V
materials have higher electron mobilities than Si and Ge. Re-
produced with permission from del Alamo [3], copyright Na-
ture 2011.
Optoelectronics are defined by the property of having a direct band gap, which
contributes the advantage of a low supply voltage. Additionally, these materi-
als can have high charge carrier mobility. By replacing silicon with a material
with higher mobility, the transistor channel can become more conductive. An
excellent review that addresses electronic scaling limits using III-V electronics
is provided by del Alamo [3].
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Figure 2.2 displays the mobility of charge carriers versus lattice constant for
some III-V materials compared to group IV materials traditionally used in elec-
tronics (Si and Ge). The electron (red squares) and hole (blue circles) mobilities
represent the speed at which charge carriers can move in response to an electri-
cal field. The higher the mobility, the faster the charge carrier can move. The
direction of the arrows represents compressive biaxial strain, which can be used
to modify the mobility.
2.1.2 Electronic and Optoelectronic Applications
The electrical properties of some III-V materials, namely the band gap and mo-
bility of these materials, make them applicable for use in a wide variety of appli-
cations [3]. Direct band gap III-V materials are extremely useful in a broad range
of optoelectronic devices that detect or emit light, like photovoltaics, LEDs,
lasers, and photo detectors. Their outstanding electron transport characteris-
tics are particularly well-suited to improvements in transistor performance.
In the interest of moving beyond the material limitation of silicon in tran-
sistor technology [31, 32], there is a growing interest in III-V MOSFETs [33].
As one example of this, InGaAs is considered to be a promising candidate for
n-type channels and source/drain contacts in transistors [34, 30]. As a III-V
material, it has approximately 10 times the electron mobility of silicon [3]. In-
GaAs is a ternary, zinc blende semiconductor made up of InAs and GaAs sub-
lattices. This combination creates a balance in its material properties: the high
electron mobility in InGaAs is a result of the high mobility electrons in InAs,
while the low current leakage from thermally excited carriers comes from the
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larger band gap of GaAs. This blend of material characteristics makes it ideal
for use in channels. Using InGaAs for n-type channels, devices could have low
power dissipation while still achieving high speeds. III-V materials have the
additional advantage that they are amenable to typical micro and nanofabri-
cation techniques. Unlike other emerging high-mobility materials like carbon
nanotubes and nanowires [35], III-V materials allow conventional lithography
and etch techniques to be used [27]. Overall, InGaAs has the potential to allow
devices to continue transistor scaling according to Moore’s Law.
One subset of III-V materials that is widely studied involves using nitro-
gen as the group V element, or III-N materials. These materials are particularly
exciting because the direct band gaps of alloys of these materials span the en-
tire visible spectrum of light (Figure 2.1). Theoretically, this makes light emis-
sion possible at any visible wavelength by changing the composition of the al-
loy. Practically accessing this behavior can be extremely challenging, due, in
no small part, to the complication arising from defects introduced during ma-
terial growth processes. This challenge is illustrated by three decades of work
that went into making an efficient blue light-emitting diode before the 2014 No-
bel Prize winning work of Isamu Akasaki, Hiroshi Amano, and Shuji Naka-
mura, who overcame these growth-related defect issues [36, 37]. Beyond light
emission, gallium nitride (GaN) and other related III-N materials combine the
advantages of fast carrier transport, a high breakdown voltage and low ”on” re-
sistance essential for power switching devices and high voltage applications. In
power switching devices that convert AC to DC power, large inefficiencies and
power loss occur in silicon-based devices. These inefficiencies are based on the
material properties of silicon and can be overcome by switching to wide band
gap material systems that are better suited for power conversion, like GaN. [38].
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Combining these materials with a vertical device structure can allow low-cost
efficient power devices to be realized [38].
2.1.3 Heterogeneous Integration and Growth Methods
Considerable effort is underway to integrate III-V films into device fabrication
on silicon substrates. There are a variety of reasons why III-V materials must
be integrated onto a silicon substrate. Primarily, an efficient processing infras-
tructure for silicon-based devices is already established. The presence of this
infrastructure leads to low substrate costs and well-developed processing tech-
niques. In addition, silicon has a number of highly desirable mechanical and
chemical properties. Silicon wafers are more robust and can dissipate heat more
easily than GaAs wafers, say. The availability of large silicon wafer sizes also
means that the combined photonic-electronic functionality and higher speed
signal processing is distributed over larger substrate areas. Since the properties
of silicon substrates is well-characterized, the integration of III-V materials can
bridge the transition between silicon and fundamentally different functionality
offered by III-V materials.
There are a number of difficult material challenges that must be overcome
before this desirable integration can happen [30]. These challenges stem from
crystallographic and chemical compatibility differences between silicon and III-
V materials. In general, heteroepitaxial films are more difficult to grow than
bulk crystals [39]. Since the substrate and the thin film have inherently different
compositions and structures, defects can form, such as dislocations, twins, and
stacking faults. Electronic and optoelectronic applications requiring epitaxial
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films are extremely intolerant of defects because they lead to decreases in car-
rier concentration and mobility in devices [39]. These differences in materials
characteristics can lead to grain boundaries, stress/strain, and interfacial de-
fects. Intel’s Component Research group has identified the main challenges for
integration of III-V materials with silicon as anti-phase boundary defects, ther-
mal mismatch, and lattice mismatch [29]. Of these challenges, lattice-matching
and thermal expansion were identified as being the most important [25].
Thermal mismatch is the result of the different coefficients of thermal ex-
pansion (CTE), αth, between the two materials. For the materials of interest to
this thesis, Table 2.1 shows the linear CTE at 300 K [40, 25, 1]. Heating and
cooling materials with dissimilar CTE values can lead to significant stress and
strain [25]. The thermal strain (th) can be found from Equation 2.1 as a function
of the thermal expansion coefficient(αth) and the temperature, T. The tempera-
ture used for the deposition, as well as any subsequent processing steps, must
be limited to reduce the likelihood of introducing defects resulting from the dif-
fering CTE values. This is extremely difficult because annealing is instrumental
in a number of steps in traditional semiconductor processing.
th =
∫ T f
T i
∆αthdT (2.1)
Dislocations and stress/strain can also be a result of differences in lattice
parameters. A lattice mismatch of less than 0.1% is required in optoelectronic
devices [39]. InGaAs has a lattice parameter that is 8% larger than silicon, as
shown in the horizontal axis of Figure 2.2. This large difference could lead to
the creation of significant defects at the interface between the two materials.
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Table 2.1: The coefficient of thermal expansion for III-V binaries, silicon,
and other materials of interest for this thesis. Differences in ther-
mal expansion coefficients can cause stress in layered, heteroge-
neous films during heating and cooling.
Material αth [10−6K−1]
Si 2.62
GaAs 6.03
In0.53Ga0.47As 5.69
InAs 5.50
InP 4.56
GaN 5.0
Al2O3 5.2
SiO2 0.5
There are two methods of integrating InGaAs into the silicon substrate:
monolithic and pseudomonolithic [25]. In monolithic integration, all devices
in the circuit are formed on a single substrate in a manner that is compatible
with simultaneously processing large batches of full wafers, each containing
numerous individual circuit chips [25]. Both crystal structure and coefficient of
thermal expansion are important for monolithic integration [25]. This type of
integration could be achieved through a process such as epitaxy. The second
type of integration is pseudomonolithic [25]. This method is based on bonding
of processed or partially processed optoelectronic devices onto selected sites on
the silicon wafer. In this technique, the coefficient of thermal expansion is im-
portant, while crystal structure is not. Structures having a large lattice mismatch
can be fabricated with misfit locations but without threading dislocations [39].
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Although monolithic integration may not be essential, it will be the focus of the
remainder of the section.
InGaAs and silicon are structurally, chemically, and electronically different
from each other which makes heteroepitaxy difficult. There are a variety of con-
siderations when choosing a deposition technique. For electronic devices, it is
essential to have highly ordered, defect-free films with near atomic resolution
film/substrate abruptness, high levels of doping uniformity, and the ability to
grow multilayered structures with different compositions and doping levels.
Additionally, due to differences in CTE, a relatively low processing tempera-
ture must be used. There are two main options that Ohring identified that are
appropriate for deposition for high performance applications [39]. The first de-
position option is metalorganic chemical vapor deposition (MOCVD), alterna-
tively known as organometallic vapor-phase epitaxy (OMVPE) or metalorganic
vapor-phase epitaxy (MOVPE). The second option is molecular beam epitaxy
(MBE) [39]. Both methods use low temperature growth, far from equilibrium
and will be discussed in more detail in the section on growth and doping.
There has been experimental success with monolithic integration using lay-
ers that are compositionally graded. This eases the difference in lattice pa-
rameter between silicon and InGaAs. One example is the ”silicon on lattice-
engineered substrate” (SOLES) developed at MIT [41]. This technique allows
III/V materials to be sandwiched between layers of silicon. Using MOCVD, this
group used Ge-on-insulator, then compositionally graded III-V until a relaxed,
large lattice on silicon was accomplished. Intel has developed another technique
that made transistors comparable in performance to devices made on III-V sub-
strates [42]. They use a silicon substrate that is cut off-axis to increase the lattice
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parameter. Then they use MBE to grow buffer layers of GaAs and InxAl1-xAs
with suitably graded composition. These buffer layers ease the change in lattice
parameter and electronically insulate the InGaAs channel. They found that this
procedure confined the dislocations to the buffer layers.
Other heterogeneous integration methods focus growing III-V materials di-
rectly on silicon without compositionally graded materials. One such method
is aspect ratio trapping where the III-V material is grown on Si in SiO2
trenches [30]. The III-V growth is confined to high aspect area patterned SiO2
trenches on Si and the misfit and threading dislocations are diverted towards
the sidewalls during growth [30]. Another method for integration is growing
nanowires using vapor-liquid-solid growth or selective area epitaxy, with just
the base of the wire contacting the silicon substrate [30]. Since the contacting
surface area is minimized between the III-V and silicon substrate, it avoids form-
ing dislocations. A final method is using MOCVD and patterned oxide masks
to selectively grow III-V materials [30, 43].
In summary, monolithic integration is challenging due to differences in
structure, chemistry, and electronic characteristics between silicon on III-V ma-
terials. In terms of growth and processing, lattice mismatch and thermal ex-
pansion differences cause the largest problems. In order to make defect-free
devices, a relatively low temperature process is needed that makes highly or-
dered and uniform films. The most likely candidates according to Ohring are
MBE and OMVPE. Monolithic integration has been successful in lab-scale de-
vices through using low temperature processes that grow buffer layer films with
a gradually increasing lattice parameter between the silicon and InGaAs layers.
III-V materials have also been successfully grown directly on silicon by mini-
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mizing the interfacial area between silicon and III-V and confining its growth,
misfit dislocations can be controlled or even eliminated. Although it is a promis-
ing start, monolithic integration still faces many challenges that may impede
large-scale implementation in transistors.
2.1.4 Doping
Point defects in a semiconductor can have an enormous impact on the chemical
and electrical properties of a material [44]. Point defects can occupy substitu-
tional, interstitial, or vacancy sites in the lattice. Defects can be native (intrin-
sic) to the semiconductor or they can be introduced when adding impurities
through doping or contamination (extrinsic). The movements of atoms through
diffusion mechanisms are critically reliant on the nature of the point defects,
which can be charged or electrically neutral. In order to affect the electrical
properties of the semiconductor, the dopants need to occupy places in the lat-
tice where they are charged, or electrically active. In other words, the dopants
need to occupy positions in the crystalline lattice where the electrons in the outer
shell of the dopant delocalize. The emphasis in this thesis is on n-type materials,
namely, materials that donate electrons to improve conduction. For a semicon-
ductor, the conductivity (σ) relies on the number of conducting electrons (n)
and holes (p), the elementary charge (e), and the mobility (µ), as shown in Equa-
tion 2.2. The conductivity (σ) is inversely related to the resistivity (ρ) through
the equation:
σ = neµn + peµp =
1
ρ
(2.2)
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Understanding and controlling the complex doping and defect structures
that will arise as a result of processing is one of the primary challenges associ-
ated with III-V, or indeed any, semiconductor material. There are many possible
defect structures for both intrinsic and extrinsic defects, as well as many possi-
ble dopants [45, 4]. The defect populations and thus the properties of a material
is dependent on its growth, doping, and thermal processing. Samples can be
grown into metastable states that are kinetically, but not thermodynamically,
stable [46]. The formation energies of charged point defects determines ther-
modynamic stability at 0 K. Wang et al. determined the formation energy of
possible point defects in silicon-doped ordered In0.5Ga0.5As, as shown in Fig-
ure 2.3 [4]. Each defect is labeled with the atom and its location as a superscript.
The slope of the line gives the charged state of the dopant. The lower the for-
mation energy, the more energetically favorable is the formation of the point
defect. Figure 2.3a shows that Fermi Level pinning for As-poor growth con-
ditions is unfavorable for n-type doping. Figure 2.3b shows that, in Ga-poor
growth conditions, it is energetically favorable for Si to sit on a Ga site, with the
slope of the line showing that Si on a Ga site will act as a donor. Figure 2.3c
shows that Si located on an In site as a donor is favorable for In-poor growth
conditions. Comparable work has been completed for GaN systems [47, 48].
The effectiveness of electronic devices are critically reliant on the controlled
doping of semiconductors. Bulk electrical properties arise as a direct result of
the arrangement of atoms on the crystal lattice. Doping occurs by the addition
of impurities to crystalline semiconductor materials, which modifies its elec-
tronic properties. Dopants can be added using a variety of methods. They can
be incorporated during the growth of the semiconductor using techniques such
as Molecular Beam Epitaxy (MBE) or Metal Organic Chemical Vapor Deposi-
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Figure 2.3: Formation energy of point defects in In0.5Ga0.5As. The defects
with the lowest formation energy at a given Fermi level are the
most thermodynamically favorable to form. The slope of the
line indicated the charge state of the defect. Reproduced with
permissions from Wang et al. [4], copyright Journal of Applied
Physics 2017.
tion (MOCVD). They can be added through diffusion or they can be implanted
into the crystal through ion-implantation. Each of these methods has distinct
trade-offs in terms of expense, time, additional processing steps, introduction
of defects, and spatial selectivity. The growth and processing steps that a mate-
rial goes through will determine its electrical performance. Thus, it is important
to review dopant incorporation techniques.
Doping during Growth
The techniques for III-V growth for monolithic integration semiconductors can
also be used to incorporate dopants. These growth techniques, namely MOCVD
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and MBE, both happen at relatively low temperatures compared to equilibrium
growth methods. This is ideal to reduce dislocations and defects from differing
CTE during growth. MOCVD uses the vapor phase chemical precursors to de-
liver metalorganic reactants to the substrate, where the the precursors react to
form a solid and the gaseous byproducts are carried away. An example of this
reaction to form GaAs is using TMGa and arsine to form GaAs and methane as
a byproduct [39, 49]. MBE growth occurs in an ultra high vacuum environment,
where effusion ovens evaporate source materials to provide beams of molecules
or atoms delivered to the substrate [39, 49]. The substrate is heated to promote
surface reactions and migration [49]. Ohring compared and contrasted the two
growth methods, MOCVD and MBE for epitaxy [39]. According to Ohring, both
techniques can be used to grow high quality films and layered structures with
differing compositions with near-atomic interface abruptness and high doping
uniformity. MOCVD has a relatively fast growth rate, 2-3 times faster than MBE.
MOCVD also has the advantage of less maintenance downtime than MBE. The
MBE growth process occurs at lower temperature and is farther from equilib-
rium. Additionally, the vacuum environment in MBE makes in situ measure-
ments possible. MBE also is generally safer, the precursors used in MOCVD are
often toxic and/or pyrophoric. The device characteristics of MBE-grown mate-
rials are generally superior to MOCVD-grown material, but it is not always the
case [39, 50].
Doping after Growth
There are a few options for adding dopants to a material after growth. These in-
cluding diffusion, transmutation, and ion-implantation [49]. Ion-implantation
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will be the focus of this discussion because, in general, it is inexpensive and
well-controlled [51, 52]. During ion-implantation, a sample is biased and a
high energy beam of ionized dopants is accelerated towards it. Using masking,
dopants can be selectively implanted into certain areas of the sample, which is
especially useful for self-aligned device structures. The implant depth, the crys-
talline damage, the number of dopants introduced, and the defects formed de-
pend on: the substrate, the dopant species, implant energy, implant dose, angle
of implant relative to the crystal orientation, and substrate temperature. Some
of the drawbacks of this technique are material damage up to amorphization,
ion-channeling, and the need for additional thermal processing to activate the
dopants. Because of the abundance of defects that are possible, the role of im-
plant conditions on defects and electrical properties in III-V semiconductors has
been widely studied [53, 54, 55, 56, 57]. For III-V materials, the main challenge is
the fact that the high temperature needed to activate carriers and repair implant
damage is beyond the temperature at which the materials thermally decompose
by evaporation. Additionally, implantation can form damaged regions, includ-
ing dislocation loops, which are difficult, if not impossible, to remove through
annealing. Previous work has identified that crystalline damage is repaired at
a lower temperature, whereas a higher temperature is needed to move dopants
into electrically active positions [53, 58].
2.1.5 Annealing
In III-V materials, the low vapor pressure of the group V atom in the compound
semiconductor lattice leads to an additional complication during thermal pro-
cessing. The low vapor pressure is a result of the polar-covalent bonding. With
17
annealing, the semiconductor will start to thermally decompose before reaching
the melt, as the group V atom evaporates and causes surface degradation [59].
To address this issue of evaporation of the group V atom, a few techniques
have been developed [60, 61, 33, 45]. One such technique involves annealing
the sample in an ambient environment of the species that evaporates, or the
capless anneal. One version of this capless anneal is the so-called ”proximity
cap” method, which relies on the thermal decomposition of a sacrificial material
to provide the ambient environment rich in the evaporating species [62, 63]. The
final technique is to add a thin dielectric layer to prevent surface arsenic loss
upon heating, commonly known as a capping layer. The dielectrics most often
used are Al2O3 [64, 65], SiNx[66, 67, 68, 65], SiOxNy[69], and SiO2[68]. Another
way to limit evaporation is to decrease the time that a sample is annealed for,
putting kinetic limitations on the thermodynamically driven process.
For logic applications like shallow junctions, or other devices with shrinking
dimensions, the location of dopants is extremely important. Thus, one of the
current driving forces in semiconductor processing is to move towards limiting
the amount of time over which a sample is heated, or annealed, in an attempt to
limit dopant redistribution through diffusion [70]. These so-called ”low thermal
budget” processes heat a sample quickly, on a timescale that is not long enough
for the sample to reach equilibrium. Thermal budget is commonly defined as
the area under a time/temperature curve [71]. In industrial applications, these
short timescales can also reduce wafer throughput time. Conventional, long
timescale heating in semiconductor processing uses furnace annealing, which
happens on the order of minutes to hours. This type of annealing results in the
sample reaching an equilibrium state. Rapid Thermal Annealing (RTA) occurs
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on timescales on the order of seconds. This work is focused on Laser Spike
Annealing (LSA), which occurs in the sub-millisecond to millisecond regime.
The shorter timescale anneals push the sample into states that are kinetically-
limited, rather than thermodynamically limited. Additionally, these anneals
often occur at higher temperatures, which can provide enough energy for for-
mation of point defects or dopant activation with high activation energies that
are inaccessible to lower temperature/lower energy anneals. Laser annealing is
a short timescale annealing technique. It has distinct advantages over other an-
nealing methods because heating can be localized in space and in time [72]. Ad-
ditionally, temperatures reached during laser annealing can be extremely high,
beyond which commercial annealing processing equipment can typically with-
stand. For example, commercial RTA equipment can reach up to 1200 ◦C [73].
Considering the general rule that 2/3 of the material’s melting temperature is
needed to repair crystalline damage, annealing temperatures may be needed
beyond those accessible with traditional equipment [73].
Laser Annealing of III-V
Laser annealing of III-V materials has been explored by other groups using a
range of different timescales and laser wavelengths. Most of this work has been
conducted using pulsed lasers, though some work has been conducted with
continuous wave lasers. Some of the laser-annealed samples reached the melt,
whereas others were annealed at lower temperatures. The work that was con-
ducted with GaAs is particularly relevant for the closely related InGaAs system
studied here. A brief summary of the most relevant studies will be covered here.
Golovchenko et al. used a Q-switched ruby laser (λ = 694.3 nm) with a single
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12 ns pulse to anneal uncapped Te-implanted GaAs [74]. They found that an-
nealing recrystallized the amorphorization that occurred during implantation
and that the Te was incorporated into the GaAs lattice sites beyond the solu-
bility limit of Te in GaAs, with little long-scale diffusion. Electrical tests, how-
ever, showed that the measured resistivity was comparable to conventionally
doped samples, indicating low mobility or large amounts of electrically inac-
tive dopants.
Sealy, Kular, Badawi et al. used a Q-switched ruby laser (λ = 694.3 nm) with
a single 15-25 ns pulse to study the electrical properties of laser-annealed GaAs
ion-implanted with Se and Te both with and without capping layers [75, 66, 67].
They found that they could achieve carrier concentrations in the range of 1-2
1019 cm−3 and the high temperature capping process repaired some of the crys-
talline damage from ion-implantation. Even on the capped samples, Ga pre-
cipitates formed on the surface as As evaporated. Semi-insulating samples that
were not implanted with dopants but capped with Si3N4 were conductive after
laser annealing. The capping layer was assumed to act as a source of dopants,
leading to n-type doping the sample after melting [67]. Other groups subse-
quently confirmed this behavior [76, 77].
Using a Q-switched Nd: YAG laser (λ = 1.06 µm), Barnes et al. annealed
uncapped Te-implanted GaAs with overlapping 125 ns pulses [78]. They de-
termined that they could incorporate Te to concentrations above the solubility
limit, but found evidence of large length scale diffusion that suggested melt and
recrystallization of their films. After removing the excess Ga from the surface
that formed from As evaporation with a HCl etch and removing the 5 nm of the
surface, the authors found that they could make ohmic contacts, but that only
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1% of the Te located on lattice sites were electrically active.
Using a pulsed CO2 laser, James et al. annealed Zn-doped and Si-doped
GaAs to melt and observed As loss. For the doped samples, they noted that an
increase in temperature led to a rapid increase in free carrier absorption, creating
areas with localized heating [79].
Most recently, Kong et al. explored forming shallow junctions by coating an
InGaAs film with silicon monolayers, capping the sample, and using a laser to
anneal the sample and drive in silicon dopants [80]. They laser-annealed In-
GaAs films with a single 23 ns pulse of an excimer laser λ = 248 nm [80]. By
combining delta doping of silicon (using either silane or disilane treatments)
and laser annealing, they were able to avoid damage from implantation while
incorporating silicon concentrations nearing 1021 Si/cm3. By changing the laser
fluence, they were able to change the melt depth, forming junctions on the order
of tens of nanometers. They also found that RTA at 800 ◦C was insufficient to ac-
tivate dopants but was high enough to lead to unwanted substrate degradation,
necessitating the need for laser annealing.
2.1.6 Electrical Activation
Understanding the complexities of III-V doping and how thermal processing af-
fects the electrical properties of III-V semiconductors has been the focus of many
studies. Since this thesis focuses on n-type In0.53Ga0.47As and GaN, what follows
will emphasize results for these material systems. Doping methods explored
to date can be split into two categories, namely, samples with dopants added
during growth or after growth through processing like ion-implantation. The
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grown-in samples have dopants that are already incorporated into positions
where they are electrically active. The goal of these samples is to determine
whether the active concentrations are thermally stable with annealing or if they
deactivate or form charge-compensating defects following thermal processing.
Samples that are ion-implanted require a thermal annealing step to repair the re-
sultant crystalline damage to the lattice and to move dopants to active positions
in the lattice.
InGaAs
Elements from groups IV or VI from the periodic table have successfully been
used for n-type doping of InGaAs [45, 12, 81]. For group IV, the dopant must
sit on a III site to donate an electron for conduction. If it sits on a group V site,
the dopant is an acceptor. If a dopant can exhibit both n- and p-type behavior
it is said to be amphoteric. Carbon tends to act as a p-type dopant, whereas
Si, Ge, and Sn act as n-type dopants [81]. Si is commonly used because of its
relatively high activation and low diffusivity. From group IV, S, Se, and Te are
possible dopants. Orzali et al. compiled carrier concentrations for various as
grown dopants, Figure 2.4 [10]. The In0.53Ga0.47As samples are plotted in the
center of the graph, with n-type carrier concentrations up to ≈ 1020 cm−3 using
MBE or MOCVD to dope with Sn, Te, or Si.
An example taken from Fedoryshyn et al., shown in Figure 2.5, shows that
metastable MBE-grown In0.53Ga0.47As samples that are either volume- or delta-
doped with silicon. The carrier concentration and mobility were measured us-
ing Hall Effect measurements. These samples show an ≈ 2.9 × 1019 cm−3 carrier
concentration limit, presumably as a result of the amphoteric nature of the sili-
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Figure 2.4: Net donor concentration for grown-in samples with various
dopants as a function of indium composition. Te was used as
the dopant for the points labeled ”this work.” Other InGaAs
points are taken from [5, 6, 7, 8, 9]. High carrier concentrations
are possible to achieve using grown in dopants. Reproduced
with permission from Orzali et al. [10], copyright Journal of
Crystal Growth 2015.
con dopants [11]. It is also interesting to note that, as the carrier concentrations
increases, the mobility drops, presumably from scattering from ionized dopants.
The Burstein-Moss shift was measured using photoluminescence, which shows
the shift in the absorption edge relative to the band gap due to the Fermi level
being pushed into the conduction band at high doping levels.
Even though samples can be grown with high carrier concentrations, an is-
sue arises with further thermal processing. The high grown-in carrier concentra-
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Figure 2.5: The electron mobility (left axis) and Burstein-Moss shift ∆E
(right axis) as a function of the net donor concentration (x-axis)
both delta and volume, silicon-doped In0.53Ga0.47As grown by
MBE. The circles and arrows are drawn to guide the eye to the
correct axis. Reproduced with permission from Fedoryshyn et
al. [11], copyright Journal of Applied Physics 2010.
tions are metastable and deactivate under 10-minute furnace anneals. Watanabe
et al. initially reported this finding [82], and Lind et al. repeated this experiment
and compared it to ion-implanted samples [83, 12], Figure 2.6 [83]. Both groups
found that with furnace annealing for 10 minutes in an inert ambient (N2 [82] or
Ar [83]), the carrier concentrations in the capped, grown-in samples deactivated
to a level of ≈1.4 × 1019 cm−3. Lind et al. found that ion-implanted samples ac-
tivated with thermal annealing to the same level as that by which the grown-in
samples deactivated. They hypothesized that compensating point defects form
at equilibrium.
Another annealing study was performed in which the time scale of the an-
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Figure 2.6: Net donor concentration in silicon-doped In0.53Ga0.47As as a
function of annealing temperature for 10-minute furnace an-
neals from Lind et al. The implanted samples activate to the
same level that samples with grown-in dopants deactivate to,
≈1.4 × 1019 cm−3. Reproduced with permission from Lind et al.
[12].
nealing was shortened for the high temperature anneals and lengthened for the
long temperature anneals [12]. The results show roughly the same carrier con-
centration limit Figure 2.7, suggesting that longer times are needed for the lower
temperatures to reach a equilibrium state. Since ion-implantation is a high-
energy process that creates crystalline damage and dislocation loops that are
difficult to anneal in III-V materials [84], it would be expected that the point
defect populations in as-grown samples would be drastically different from the
ion-implanted samples. It is thus rather surprising that both sets of samples are
observed to reach the same state, even with a low temperature thermal anneal.
Traditional thermal processing methods, like RTA and furnace annealing,
has been explored for InGaAs. It was found that ion-implanted samples could
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Figure 2.7: Net donor concentration in silicon doped In0.53Ga0.47As as a
function of annealing temperature and time for furnace an-
nealed samples from Lind et al. [12]. The activation concentra-
tion for short annealing times at high temperature is the same
as long annealing times at low temperatures.
be activated. The high annealing temperatures that are needed to repair crys-
talline damage and for dopant activation was problematic. The temperatures
the samples could reach was limited by material decomposition, as the vapor
pressure of As increases with an increase in temperature. The active concentra-
tion reached a limit of ≈1.4 × 1019 cm−3. Additionally, the longer annealing times
used traditional thermal processing equipment leads to deactivation metastable
dopants to the same ≈ 1.4 × 1019 cm−3 level. This work is focused on understand-
ing how the short time scales and high annealing temperatures fit within this
picture, assessing the ability of LSA to repair the full range of defects and elec-
trically activate ion-implanted dopants and its ability to maintain metastable
dopant concentrations.
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GaN
Since the majority of the work was carried out on InGaAs samples, only a few
relevant articles for GaN will be cited here, with a focus on laser annealing re-
sults. One important point is that annealing temperatures above 1500 ◦C are
needed to completely remove implantation damage in GaN; lower tempera-
tures, ≈1200 ◦C, can only reduce damage in low dose implants [73]. This high
temperature is not accessible using traditional annealing equipment but is ac-
cessible using laser annealing.
Using pulsed laser annealing, the crystalline damage in samples can be re-
paired. Vitali et al. found that using 10-30 low-power pulses of 25 ns with a
Q-switched ruby laser could repair crystalline damage induced from implanta-
tion in GaN and InP, but higher power densities result in group V evaporation
even before the occurrence of the melt [85].
In polycrystalline GaN, laser annealing with 20 ns pulses from a KrF excimer
laser (λ = 248 nm) improved the structural and optical properties of the film [86].
Wang et al. used pulsed laser annealing to activate Be-implanted GaN [87].
They found that RTA alone could not efficiently repair the implantation damage
and activate the implanted dopants. Using just laser annealing, the sample had
good dopant activation, but crystal defects and strain remained. After pulsed
laser annealing followed by RTA, the sample exhibited an acceptable degree
of dopant activation, suitable surface morphology, and the defects caused by
implantation were repaired.
In a related study, Feigelson et al. activated p-type implants in GaN using
an initial 1 hr furnace anneal at 1050 ◦C to repair crystalline damage, followed
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by cycling through high temperature processing for timescales less than 23 s
between 1300 and 1400 ◦C to activate the dopants. The high temperature anneals
activated p-type dopants while the limited annealing time prevented nitrogen
evaporation [58].
In GaN, laser annealing has been explored as a method to activate ion-
implanted samples and to repair crystalline damage that occurs from implan-
tation. It was found that laser annealing using pulsed lasers can improve crys-
talline quality and activate dopants, but for the best results, a lower tempera-
ture, longer time scale anneal step should be combined with the laser anneal to
repair crystalline damage and defects formed during implantation.
2.2 Summary
III-V compound semiconductors have a wide-range of tunable structural, elec-
trical, and optical properties, making them useful for a wide variety of elec-
tronic and optoelectronic applications, like photovoltaics, LEDs, lasers, and
photo detectors. However, challenges still remain if the industry is to incor-
porate these materials into high performance, next-generation transistor fabri-
cation. The major among them, from the point of view of this thesis, is to resolve
the complications that arise from intentional and unintentional defects, which
can have an enormous impact on semiconductor properties. Processing plays a
large role in determining what defects will be created and destroyed. Of par-
ticular importance is the thermal annealing, which is necessary for activation
of ion-implanted dopants and for the repair of implantation related crystalline
damage. However, annealing temperatures for long timescale anneals are lim-
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ited by thermal decomposition of the material from the evaporation of the group
V atom. Longer timescale also deactivate films with high active carrier concen-
trations. Thus, it is of utmost importance to understand the role of processing
and its relationship to material properties. In this work, we are interested in
how short timescale, high temperature laser spike annealing affects the struc-
tural and electrical properties of III-V materials, specifically intrinsic and doped
InGaAs and GaN.
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CHAPTER 3
METHODS
3.1 Laser Annealing
3.1.1 Laser Annealing Set-up
Laser annealing in the Thompson research group uses a high power, continuous
wave laser focused onto a moving stage to rapidly heat and quench samples at
a rate on the order of 104 − 107 K/s. By tightly focusing the laser in the scan
direction and quickly moving the sample under the laser, we can explore short
annealing times (on the order of sub-millisecond to millisecond timescales) and
probe states that are kinetically limited, rather than thermodynamically lim-
ited. The variables that we control in our set up are the choice of laser we use
(determining the wavelength of light used to anneal), the speed at which we
scan the laser over the stage (captured in the dwell or annealing time), and the
power of the laser. In laser annealing processes, it is common to anneal to a
roughly uniform temperature by rastering overlapping laser scans across the
sample. Our set-up can easily do this; however, the Thompson group has found
that a single laser scan can be used as a powerful combinatorial technique that
quickly screens the effect of laser annealing temperature for a given dwell on
a material [13]. By intentionally defocusing our laser perpendicular to the scan
direction, we can probe the effect of annealing temperature over a range from
the substrate temperature of an unannealed control location (far away from the
center of the laser scan) to the highest annealing temperature (occurring in the
middle of the scan). This produces temperatures that vary as a function of posi-
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Figure 3.1: Schematic of the single scan laser annealing set-up (left) and
profiles of the CO2 laser power density (top-right) and perpen-
dicular temperatures (bottom-right). The laser is scanned over
the sample, creating an annealing temperature gradient based
on the sample position. Reprinted with permission from Bell et
al. [13]. Copyright 2016 American Chemical Society.
tion on the sample, as illustrated in Figure 3.1.
There are two continuous wave infrared lasers used for annealing samples
in our lab. One is a CO2 laser (Pmax = 130 W, λ = 10.6 µm) and the other is a
diode laser (Pmax = 250 W, λ = 980 nm). The coupling between a material and the
laser is dependent on the wavelength of the laser light.
The beam of the CO2 laser is focused to maintain a broad Gaussian shape
in the x-direction and a narrow Gaussian shape in the y-direction, as shown in
Figure 3.2(a). The x-axis of the diode beam is focused to achieve a profile with
a roughly flat top with the y-axis focused to a Gaussian shape, see Figure 3.2(b).
The lasers are scanned in the direction of the short axis, in this case, the y-axis.
We define annealing times by dwell, which is the full width half max
(FWHM) of the laser focus in the scan direction divided by the velocity of the
moving stage (e.g., a 88.4 µm FWHM value observed at a speed of 88.4 mm/ s
would correspond to a 1 ms dwell). Typically, we use dwells ranging from 150
µs to 10 ms. We define the peak laser line power density, I0 (W/cm), in Equa-
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(a) (b)
Figure 3.2: Representative laser power density profile for the (a) CO2 laser
and the (b) diode laser. In both cases, the laser is scanned in
narrow axis, in the y-direction to quickly heat and quench the
samples. The x-axis is broadly focused, to allow for spatially
resolved temperature measurements.
tion 3.1. The line power density can be calculated using the laser power, P (W),
and the FWHM (cm) perpendicular to the scan direction [88].
I0 =
2P0
FWHM
√
ln(2)
pi
(3.1)
In order for the laser to heat a material, the laser must interact with it in some
way, directly or indirectly. The critical material properties for laser coupling are
the absorption and reflectivity of the material at the laser’s wavelength. The
laser can couple with a thin film, substrate, or an absorber on the top of, or
within, the stack. The heating of the film is determined by its thermal and op-
tical properties. The optical properties (reflectivity and absorption) will deter-
mine how much and how strongly the light is absorbed and the thermal prop-
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erties (thermal conductivity and heat capacity) determine heat transfer through
the materials. Many of these properties have a strong temperature dependence,
making it non-trivial to predict the thermal annealing profiles [89].
3.1.2 Challenges
One of the challenges associated with laser annealing experiments involves un-
derstanding how the laser interacts with the sample that we want to heat. The
frequency of the CO2 laser is such that it couples with heavily doped samples
by oscillating free carriers, thereby heating the sample. This method is widely
used in our lab to heat heavily doped silicon, but can be used for other materials
as well. Direct bad gap absorption can be used to heat the sample if the energy
of the laser is larger than the energy of the direct band gap of the sample.
Table 3.1 provides a comparison of the band gaps of the materials used in
this thesis to the lasers used in our lab. The conversion between wavelength
and energy is shown in Equation 3.2; where E is energy, h is Planck’s constant, c
is the speed of light, and λ is the wavelength [90] (hc is 1239 in units of eV nm). If
the direct band gap of a material is less than the energy of the laser, the sample
can absorb the laser light. From the information provided in Table 3.1, it is
evident that the energy of the light from the CO2 laser will not heat any of the
samples by direct band gap absorption, but the shorter wavelength diode laser
should couple with either In0.53Ga0.47As or InAs through this mechanism.
E =
hc
λ
(3.2)
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Table 3.1: Summary of the direct band gap of III-V materials used in this
study and the energies of the lasers used to anneal them. For
direct band gap light absorption, the material must have a band
gap energy that is smaller than the energy of the light.
Energy Wavelength
[eV] [nm]
Material
In0.53Ga0.47As 0.75 1653
InP 1.35 918
InAs 0.36 3443
GaN 3.4 365
Laser
CO2 0.117 10600
Diode 1.26 980
Beyond direct band gap absorption, a material’s optical properties give a
more complete description of the light/matter interaction. Relevant optical
properties for materials of interest for this thesis are displayed in Table 3.2. This
table displays the index of refraction (n), the extinction coefficient (k), the ab-
sorption coefficient (α), and the reflectivity (R). The optical properties for each
material are dependent on many factors, including wavelength, temperature,
and the extent of its doping. The data compiled in the table are taken at 300 K
and are summarized for the closest conditions to the laser energies (0.12 eV for
the CO2 and 1.3 eV for the diode) that are available from Adachi [90], with linear
interpolation used if there are sufficient data. The critical parameters for laser
annealing are the absorption length (1/α) and the reflectivity, which are related
to n and k. The absorption lengths describes how strongly the light is absorbed
and converted to heat, where a short length indicates strong absorption. The
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reflectivity indicates the amount of light that bounces off the sample rather than
being transmitted into the sample. For a sample to be heated, a portion of the
light must be transmitted to the sample and then absorbed. It is important to
note that capping layers added to the sample may modify this interaction.
Table 3.2: Summary of optical properties for materials of interest in this
thesis. The optical properties are dependent on the wave-
length of light used. The most practical parameters are absorp-
tion length (1/α) and reflectivity (R). A small absorption length
means that the sample strongly absorbs the light. Additionally,
the lower the reflectivity, the more light is transmitted to the
sample.
Material
Laser
n k α
Absorption
R
Energy Length
[eV] [cm−1] [µm]
InGaAs
0.12 NA NA NA NA NA
1.3 3.66 0.288 3.71 × 104 0.269 33%
InAs
0.1 3.40 0.00021 2.11 4740 30%
1.5 3.71 0.432 6.57 × 104 0.152 34%
InP
0.13 3.05 0.00011 1.15 8710 26%
1.3 3.36 0.00029 38.0 263 29%
GaN
0.12 1.81 0.018 216 46.3 8%
1.3 2.34 NA NA NA 16%
An additional challenge comes from characterizing the sample after anneal-
ing. Each position on the sample relative to the annealing scan corresponds to
a different annealing temperature. Characterization techniques that probe large
volumes will average many different annealing temperatures together. In order
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to resolve small temperature differences, characterization techniques must have
good spatial resolution, as described in more detail below.
3.2 Characterization
There are numerous techniques that our group uses to characterize samples,
chosen based on the properties we want to probe. Patterned resistors, thermal
decomposition behavior, phase changes, and thermal damage are used to char-
acterize annealing temperature [13, 89, 91]. To characterize electrical properties,
we can use traditional electrical measurements adapted to small areas, or use
other methods that probe properties of interest in a more indirect manner, as
described below.
3.2.1 Annealing Temperature
Temperature calibrations were performed on the surface of the III-V films. Plat-
inum thin film resistors, with a linearly varying resistivity with temperature,
were used to establish relative temperatures both as a function of laser power
and across the laser scans for each dwell. These resistors were fabricated on a
50 nm PECVD SiO2 layer deposited on the III-V films to electrically insulate the
sample from the thin film resistor. The samples were then packaged and wire-
bonded, as shown on the left in Figure 3.3. The platinum resistor was passed
underneath the laser and the resulting resistance, which is directly proportional
to temperature, was measured in situ [89, 91, 13]. The resistor was measured
using a 4-wire technique, with the current controlled through the two leads in
36
Figure 3.3: Platinum thin-film resistor fabricated on a InGaAs sample.
Left: The packaged Pt resistor. Right: A bright field micro-
graph of the resistor. The resistors are used to provide relative
temperature measurements as a function of time and position
relative to the laser.
the center and the voltage measured through two other leads, as shown on the
right in Figure 3.3.
For each dwell, we calibrated peak temperatures as a function of laser power
against the maximum observed resistance. In addition, the resistors were used
to profile the lateral temperature across the laser scans by systematically trans-
lating the 20 µm wide resistor probe. These calibrations are critical to interpre-
tation of the spatially resolved properties. Due to damage limitations on the
platinum films, measurements were taken up to a peak temperature of ≈600 ◦C.
Absolute temperatures were established using gold dots that melt when
the temperature exceeds 1064 ◦C and the thermal decomposition behavior
of the block copolymer poly(styrene-block-methyl methacrylate), 70 wt.%
polystyrene [89, 91]. Between 650 and 1050 ◦C, the dwell-dependent thermal
decomposition behavior of a 60 nm block copolymer thin film was compared to
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well-calibrated behavior on heavily doped Si substrates. A schematic of how
the polymer decomposition temperature calibration is conducted is shown in
Figure 3.4.
Figure 3.5a shows an image of a silicon wafer with the spun polymer under
both a diode laser anneal (top of the image, shown as thick stripes) and a CO2
laser anneal (middle and bottom of the wafer, shown as thin stripes). This image
emphasizes the drastic difference in the beam size between the two lasers. The
visible white stripes are where the laser has scanned over the sample and the
polymer has subsequently thermally decomposed.
For the CO2 scans, the temperatures marked on the image in Figure 3.5a
show the peak annealing temperature of the scan, ranging from 700 ◦C to
1100 ◦C. The dwells ranged from 150 µs to 10 ms, increasing in annealing time
from left to right within each temperature group (150 µs, 250 µs, 500 µs, 1 ms,
2 ms, 5 ms, and 10 ms).
For the diode laser scans, we used dwells from 5 ms to 30 ms. The first three
scans in Figure 3.5a were 5 ms scans at peak temperatures of 700 ◦C, 800 ◦C, and
900 ◦C. The other sets of scans in Figure 3.5a were carried out with a maximum
annealing temperature of 900 ◦C, 1000 ◦C, and 1100 ◦C, respectively. Within these
groups, the dwells were increased from left to right (10 ms, 20 ms, and 30 ms).
An increase in annealing temperature from the laser causes the polymer to
thermally decompose, resulting in a decrease in thickness of the polymer. The
change of thickness of the polymer was initially explored using profilometry.
The change in thickness as a function of position was converted to a function of
laser annealing temperature using relationships that are well-established for sil-
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(a) Partial Decomposition (b) Partial Decomposition
(a) Full Decomposition (b) Full Decomposition
Figure 3.4: A schematic of the absolute temperature calibration for laser
annealing using polymer decomposition. The top of the image
shows a sketch of the substrate with a thin polymer layer on
top after laser annealing. Beneath the sketch shows the spatial
temperature distribution of the laser annealing scan. As the
laser power is increased, the temperature of the substrate in-
creases. Above a dwell-dependent threshold temperature, the
polymer begins to decompose, as evident in (a) and (b), with
the blue dotted lines marking the position and temperature
that partial decomposition occurs on the sample. As the laser
power is increased further, the polymer reaches high enough
temperatures to also completely decompose as shown with red
dotted lines in (c) and (d).
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(a) (b)
Figure 3.5: Absolute temperature calibration for laser annealing using
polymer decomposition on a well-calibrated, heavily doped
silicon wafer: (a) shows a image of the silicon wafer and the an-
nealing scans used for the calibration; (b) shows the change in
thickness of the polymer measured by profilometry as a func-
tion of annealing temperature. As the annealing time is in-
creased, the polymer decomposes at lower temperature. The
decomposition behavior of the polymer on the silicon control
sample was then used to determine the laser annealing temper-
atures on the III-V samples.
icon in our lab, as shown in Figure 3.5(b). In this figure, multiple scans with dif-
fering peak temperatures are averaged together within each dwell for the CO2
laser. The profilometry data were analyzed in greater detail for each scan, the
width was found for 20% decomposition and full decomposition and converted
to temperature for each scan. The 20% decomposition was easier to identify
from the data compared to the start of decomposition. The annealing time and
temperature for these decompositions were used to find the activation energy
for decomposition using an Arrhenius plot. The results from the Arrhenius plot
was used to find the 20% and 100% decomposition temperatures for each dwell.
40
Additionally, it was found that micrographs from optical microscopy could
be used to access polymer decomposition, which became our preferred method
due to its relative ease and speed for data collection and analysis. Images from
either dark field and bright field images can be used, as will be explained next.
For samples with high numbers of defects, the dark field images are more dif-
ficult to analyze, so bright field images are preferred in that case. In the dark
field images, the start and end of the polymer decomposition appears as bright
light scattering lines. Figure 3.6 shows an example of this for the CO2-annealed
silicon for a 5 ms dwell with a peak temperature of (a) 800 ◦C and (b) 900 ◦C. The
two lines in Figure 3.6(a) mark the position where polymer decomposition starts
to occur. Figure 3.6(b) has two sets of lines, the outer lines marking the start of
polymer decomposition and the inner lines marking complete polymer decom-
position. Between these two figures, it is clear that the the polymer completely
decomposes between 800 ◦C and 900 ◦C. The widths between the decomposi-
tion lines were analyzed for each scan and the line widths were converted to
temperature for each scan. As with the profilometry data, the annealing time
and temperature for these decompositions were used to find the activation en-
ergy for decomposition. This is achieved using an Arrhenius plot which is then
used to find the decomposition temperature which these inner and outer lines
appear.
The polymer decomposition results for both methods, profilometry versus
image analysis, are summarized in Table 3.3. In general, relationship between
the polymer decomposition temperature and annealing time is as expected for
both methods. As the dwell time increases, both the start of polymer decom-
position and complete decomposition occurs at lower temperature. Thus, the
longer the heating time for the sample, the lower the decomposition tempera-
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(a) (b)
Figure 3.6: Dark field micrograph of the polymer decomposition on sili-
con for a 5 ms CO2 anneal with a peak temperature of (a) 800 ◦C
and (b) 900 ◦C. The single set of lines in (a) show the position
on the sample where the polymer has begun to decompose.
The double set of lines in (b) show the polymer has completely
decomposed (outer lines are the beginning of decomposition,
inner lines are complete decomposition).
ture of the polymer. The difference between the two methods is summarized
in the last two columns of the table. Comparing the two methods, the start of
decomposition using profilometry (20% film loss) to the dark field images (the
outer lines), it is evident that the outer lines of the dark field images have a lower
temperature by roughly 90 ◦C. This is because the outer lines in the dark field
images mark the beginning of film loss, rather than 20% film loss, which takes
place at a higher temperature. The difference between the complete decompo-
sition behavior is less consistent. This is most likely a result of the difficulty
of clearly identifying complete decomposition of the polymer with profilome-
try. Additionally, the finite tip size may induce some error into the profilometry
measurement.
In order to be a good temperature calibration, the polymer should be opti-
cally transparent to the lasers, with decomposition only occurring if the sub-
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Table 3.3: Summary of polymer decomposition temperatures found from
profilometry and dark field images. The dark field micrograph
data was easier to collect and analyze. Compared to the pro-
filometry data, the dark field images had larger initial and full
polymer decomposition widths, that led to consistently lower
predicted temperatures.
Decomposition Temperature
Dwell [◦C]
[ms] Profilometry Dark Field Difference
20% 100% Start End ∆TLow ∆THigh
0.150 898 1151 814 1028 84 123
0.250 856 1093 769 991 86 102
0.500 803 1021 714 943 89 78
1 755 956 664 899 91 57
2 712 898 620 858 92 40
5 660 829 567 809 93 21
10 624 782 531 774 93 8
strate reaches a high enough temperature to thermally decompose the polymer.
To ensure that the polymer was transparent to the CO2 laser, it was spun on a
semi-insulating silicon wafer that does not couple with the laser and annealed at
the highest accessible power (130 W). After annealing, the polymer showed no
evidence of decomposition. This test was repeated with a sample that did not
couple with the diode laser (InGaAs:Te on Si substrate) and it was confirmed
that the polymer also did not decompose under the strongest illumination of
the diode laser (250 W).
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Cross Section
Bright Field
Dark Field
(a) Below Tmelt (b) Above Tmelt
Figure 3.7: Schematic description of the gold dot melting experiments
showing the appearance of gold dots: (a) before melting; and
(b) after melting. The cross sectional view (top) shows what the
individual dots look like before and after melting. The bright
and dark field images show what dots look like in the micro-
scope before and after melting.
For higher temperature calibrations, 1.5 nm of Cr (to promote adhesion) and
25 nm of Au were thermally evaporated onto 50 nm PECVD SiO2-coated sam-
ples, which were then photolithographically patterned to define lines of 5 µm
gold dots, laterally spaced on 10 µm centers. When the dots are heated above
the melting temperature of gold (1064 ◦C), the surface tension causes the gold to
dewet and separate into smaller beads. The gold that melted was clearly visible
in both bright and dark field micrographs. A schematic is the gold dot cali-
bration is shown in Figure 3.7. A laser-annealed sample used for temperature
calibrations is shown in Figure 3.8, with the sample temperature exceeding gold
melt as shown by the 3-5 melted dots in the center of images when the laser has
passed.
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(a) Bright Field (b) Dark Field
Figure 3.8: Absolute temperature calibration for the laser annealing of In-
GaAs films using the melting temperature of gold as the refer-
ence. The melted gold dots are clearly visible in the center on
the sample and appear dark in the bright field micrograph (a),
and bright in the dark field micrograph (b). The melted dots
show the position on the sample that has exceeded 1064 ◦C.
Material Damage
Laser annealing can reach high temperatures in short periods of time and, above
a critical temperature threshold, laser annealing can cause irreversible damage
to a material. This damage is what limits the temperatures that laser annealing
can reach. In order to explore the complete range of accessible temperatures
during non-melt laser annealing, our lab often anneals the samples up to the
point at which they damage. This can be manifested in the form of slip, crack-
ing, evaporation, or melt. Depending on the type of damage, it may be possible
to extend the range of annealing temperatures that can be reached by limiting or
preventing the extent damage. For example, if arsenic evaporation is the cause
of the damage, capping layers can be used to extend the damage threshold. Of
the types of damage that occur, the temperature at which melt occurs is easiest
to quantify. Many groups have reported laser-induced periodic surface struc-
tures (LIPSS) on laser-annealed compound semiconductors [92, 93, 94, 95]. This
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damage, also known as ”ripples” occurs from the interference of the incident
laser light with the scattered light, causing surface instabilities and inducing lo-
calized melt [95]. The melting temperatures for relevant materials for this work
are summarized in Table 3.4 [1].
Table 3.4: The melting temperature for III-V binaries and silicon from [1].
Temperatures during laser annealing are often difficult to char-
acterize and can be high enough to melt films. These tempera-
tures can be used as a rough guide for the temperature at which
laser annealing will damage the films through melt.
Material Tm [◦C]
Si 1414
GaAs 1240
InAs 937
InP 1062
GaN 2518
The values in this table show that InP (Tm= 1062 ◦C) and gold (Tm= 1064 ◦C)
melt at approximately the same temperature. This makes using gold dots as a
temperature calibration especially valuable because gold melt and sample dam-
age occur at the same position, than the sample damage is most likely related
to InP melt. Slip or cracking damage during laser annealing is also common
at high temperatures. Because of large thermal gradients, localized stress can
occur from thermal expansion, causing damage. In layered materials, an ad-
ditional complication arises as a result of differences in thermal expansion be-
tween the layered materials, as discussed in the Background section.
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3.2.2 Electrical Properties
There are a wide variety of techniques to probe the electrical properties of semi-
conductors, which have been tested and used extensively [96]. Many of the
traditional methods for measuring electrical properties are so-called ”contact”
methods, where the semiconductor is physically contacted and, hence, is often
destructive to some degree. A large emphasis is typically placed on measuring
intrinsic electrical properties of the material that are important in determining
how a semiconductor device will function (carrier density and mobility) and so
that results can be compared across different samples. One common method of-
ten used for electrical measurements involves four-point probes, which measure
sheet resistivity by passing a current through two contacts and measuring the
voltage through two other contacts. Sheet resistivity is related to the bulk resis-
tivity (ρ) in Equation 2.2 through the thickness of the conductive layer thickness
(t), as shown in Equation 3.3. The sheet resistivity cannot directly measure car-
rier concentrations, mobility, or layer thickness. The sheet carrier density (or
sheet number) and mobility can be found from Hall measurements, which use
electrical measurements in a magnetic field.
ρ =
1
neµn + peµp
= ρt (3.3)
On laser-annealed samples, the annealing conditions vary with position. In
order to probe electrical properties that change with position, we use modified
versions of traditional electrical measurement techniques adjusted to smaller
sizes. This technique has been used successfully by other groups to differentiate
changes in electrical properties of samples that were annealed with overlapping
laser scans [97]. By using spatially resolved probes, variations in electrical prop-
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erties could be seen as a function of where the scan was made which would not
be apparent for probes with poorer spatial resolution.
3.2.3 Optical Properties
Another powerful method used for characterization is Raman spectroscopy
which collects the signal from inelastic light scattering events. Since its dis-
covery in 1928 [98], it has been used extensively across many fields as a
non-destructive characterization technique [99, 100]. Raman spectroscopy has
been used to investigate a variety of III-V materials beginning in 1966 [101]
and shortly after was used to probe free electron concentrations in n-type
GaAs, showing the first example of scattering by conduction-electron plasmons
[102, 103]. Raman spectroscopy is still widely used today to study III-V materi-
als [104, 105].
An excellent review by Iba´n˜ez and Cusco´ et al. describes the characteriza-
tion of compound semiconductors using Raman spectroscopy, which forms the
basis of much of the following description [104]. For III-V materials, Raman is
commonly used to assess properties like composition, crystalline quality, stress,
impurities, and free carriers. In Raman spectroscopy, a single wavelength of
light illuminates the sample. The majority of that light is elastically scattered, or
Rayleigh-scattered, where the light changes direction but does not gain or lose
any energy. A very small portion of the photons, around 1 out of every million,
is inelastically scattered and either loses or gains energy. The former is called
Stokes-Rayleigh scattering and the latter is called anti-Stokes Rayleigh scatter-
ing. These are the scattering events that are collected and analyzed in Raman
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Figure 3.9: Schematic describing Raman scattering in terms of the inelas-
tic Stokes and anti-Stokes scattering. Raman probes vibrational
energy states by illuminating the sample with a single wave-
length of light and collecting the inelastically scattered light
that excited vibrational states in the crystal.
spectroscopy. The different types of scattering are summarized in Figure 3.9.
During these inelastic scattering events, the energy lost (or gained) by the
light is transferred to (or from) the sample and excites vibrations within the
crystal like phonons (lattice vibrations) and local vibrational modes from de-
fects. The vibrational energy states in a crystal are quantized, so energy changes
happen at well-defined frequencies. Thus, Raman has proven to be a powerful
tool to probe the vibrational states of the crystal. Depending on the orienta-
tion of the crystal structure with respect to the polarization of the incident and
scattered light, different phonon modes are excited, or allowed. For a deeper
understanding, Hayes and Loudon wrote an outstanding reference for the the-
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ory of light scattering in crystals [106].
This work used a 488 nm wavelength laser source in a Renishaw InVia mi-
croRaman system, used in the backscattering configuration with a 1 µm probe
diameter. Raman spectra were collected perpendicularly across each laser scan.
Primary phonon modes were fitted to Lorentzian peaks [107, 108]. In InGaAs,
the area of the primary GaAs-like longitudinal optical (LO) phonon peak was
used to qualitatively assess crystalline quality in undoped samples and, prior to
substantial carrier activation, in doped samples. At high carrier concentrations,
the macroscopic electric fields of the LO phonon mode couples with the longi-
tudinal plasmon mode. This coupling results in a longitudinal optical phonon-
plasmon coupled mode (LOPCM). This behavior takes place in polar semicon-
ductors with high carrier mobility and low effective masses. Figure 3.10 shows
a typical Raman spectrum for a laser- annealed InGaAs sample with the high
frequency LOPCM peak near 850 cm−1 shown magnified.
In contrast to sheet conductivity measurements that determine only the
total sheet carrier density, the LOPCM position directly probes the concen-
tration of the active carriers within the probe volume (depth for InGaAs
≈ 2.3/2α = 46 nm) [109, 105]. The relationship between phonon-plasmon cou-
pled modes and n-type carrier concentrations have been widely modeled for a
variety of compound semiconductors [103, 110, 111, 14, 18, 16, 17, 112, 113, 114].
The peak position of high frequency LOPC mode is highly sensitive to changes
in the number of free carriers, and was thus was used to quantify carrier den-
sity [14, 15, 19, 16, 17, 115, 116, 117].
The frequency of the LOPCM corresponds to the zeros of the wavevector
and wavenumber dependent (q, ω) dielectric function of the material, ε(ω), as
50
0 200 400 600 800 1000 1200
Wavenumber [cm-1]
In
te
n
sit
y
[ar
b.
u
n
its
] x 15
LOPCM
Primary
Phonons
Figure 3.10: Typical Raman spectra from an LSA-activated sample. The
primary InAs and GaAs-like phonon modes dominate the
spectra between 210 and 275 cm−1. The inset highlights the
LOPCM peak near 850 cm−1. The primary phonons can be
used to probe composition, stress, and crystalline quality. The
LOPCM peak can be used to probe the properties of the free
electrons.
shown in Equation 3.4 [104, 105]. By neglecting Laudau damping and disper-
sion effects (q = 0), we can easily solve the equation using the quadratic formula
to find the frequency of the LOPCM peaks. The first term, ε∞, is the high fre-
quency dielectric constant of the material and represents the contribution from
the valence electrons. The second term, χI is the electric susceptibility of the
ionic lattice, Equation 3.5, which relies on the phonon frequencies, ωLO and ωTO
The third term, χe is the contribution from the dielectric susceptibility of the
free-carrier plasma, which depends on carrier concentration; see Equation 3.6.
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ε(q, ω) = ε∞ + 4pi(χI(w) + χe(q, ω)) = 0 (3.4)
χI(w) =
ε∞
4pi
ω2LO − ω2TO
ω2TO − ω2
(3.5)
χe(q, ω) =
ε∞
4pi
ω2p
ω2
(3.6)
ε(0, ω) = 0 = (ω2)2 + (−ω2p − ω2LO)(ω2) + ω2pω2TO (3.7)
ω2± =
1
2
[
ω2LO + ω
2
p ±
√
(ω2LO + ω2p)2 − 4ω2pω2TO
]
(3.8)
By taking the Drude form of the plasma (Equation 3.9, where e is the ele-
mentary charge and m* is the effective mass of an electron), the frequency can
be determined as a function of carrier density; see Equation 3.8 (To convert the
angular frequency to wavenumber, divide by 2pic , where c is the speed of light).
ω2p =
4pinee2
ε∞m∗
(3.9)
The two solutions emerge in Equation 3.8 as the high frequency coupled
mode (ω+ or L+) and the low frequency coupled mode (ω− or L−). The only
variable is ne, so an increase in carrier concentrations will increase the plasmon-
like peak. For low carrier concentrations, the L− peak is plasmon-like and the
L+ is phonon-like, around the LO frequency. At high carrier concentrations,
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the L+ peak is plasmon-like and the L− is phonon-like, around the TO phonon
frequency.
This is the most simplistic Drude model and, as such, can yield significant er-
rors. There are other, more accurate models used to fit experimental results; they
differ based on the dielectric functions used for the electron and phonon contri-
butions. They can be used for improved accuracy of the peak position as well
as the line shape of the peak. The hydrodynamic model is a improvement over
Drude and takes into account wavevector- dependent plasma frequency [118].
Hon and Faust developed a line shape model based on fluctuation-dissipation
theory [119]. The Lindhard-Mermin model is a quantum mechanical approach,
which is accurate but computationally expensive [14, 120]. This model can also
reproduce the change in LOPCM peak position and shape based on the wave-
length of the scattered light used in Raman [120].
Figure 3.11 and Figure 3.12 shows the relationship for plasmon-phonon cou-
pled modes for InGaAs and GaN, respectively. The position of the LOPCM peak
has been previously calibrated to the active carrier concentration in InGaAs in
a number of experiments as well as theoretically modeled [14, 15, 16, 17], sum-
marized in Figure 3.11. A power law fit was used as a calibration to convert the
observed high frequency LOPCM peak position to active carrier concentration.
These coupled modes can be effectively used to quantify carrier concentra-
tions above 1017 cm−3. Figure 3.11 shows for InGaAs, the high frequency cou-
pled mode is most sensitive to changes in the carrier concentration. For GaN,
Figure 3.12 shows that the the low frequency-coupled mode is more sensitive
to lower carrier densities, whereas the high frequency-coupled mode is more
sensitive to changes at high carrier densities. Using micro-Raman spectroscopy,
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Figure 3.11: The relationship between coupled mode wavenumber and n-
type carrier concentration for InGaAs. In (a), solid lines show
the computationally derived solutions for carrier-coupled
modes from Cusco´ et al. [14] and the points are experimen-
tally measured. Three coupled modes arise, the low (◦), in-
termediate (+), and high frequency () modes. On the right
side of the plot, horizontal dotted lines mark the frequency
of the primary LO and TO phonon modes: marked with an
A for InAs-like and B for the GaAs-like modes. The dashed
dotted line shows the frequency of single particle excitations.
Reproduced with permission from Cusco´ et al. [14], copyright
Physical Review B 2001. In (b), the power law fit that was
used to convert the high frequency peak position to carrier
concentration in this thesis is shown as a line, based on mod-
eling from [14]. The points are taken from the literature (◦ [15],
• [14],  [16], and  [17]). Note that the wavenumber on the
y-axis is no longer plotted on a log scale.
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Figure 3.12: The relationship between LOPCM wavenumber and carrier
concentration for n-type GaN [18], summarized from various
previous studies (• [19],  [20], and O [21]). The dotted line
marks the plasma frequency (ωp); the frequency of the LO
mode (ωL) and TO mode (ωT ) are marked with dashed lines.
The low frequency-coupled mode (L−) and high frequency-
coupled mode (L+) are shown as solid curves. Reproduced
with permissions from Harima [18], copyright Journal of
Physics: Condensed Matter 2002.
we can non-destructively probe the n-type carrier concentration in compound
semiconductors with good spatial resolution.
3.3 Summary
Laser annealing is an effective way to quickly heat and quench samples to study
kinetically limited states. By combining lateral gradient laser annealing with
characterization techniques with good spatial resolution, we can determine how
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annealing time and temperature changes properties of compound semiconduc-
tors. Non-destructive optical techniques like Raman that probe electrical and
structural characteristics are especially powerful.
56
CHAPTER 4
INTRINSIC InGaAs
4.1 Motivation
The undoped (denoted as ”intrinsic”) InGaAs samples were used to understand
the baseline CO2 and diode laser annealing behavior with laser annealing tem-
perature profiles, the damage behavior, and the Raman spectra. This work pro-
vides the critical foundation to compare to the later studies on doped samples.
4.2 Sample Details
Samples of 300 nm of intrinsic In0.53Ga0.47As were epitaxially grown on an In-
AlAs buffer layer on lattice-matched, 2-inch diameter InP substrates (with sam-
ples provided by IBM, and substrates from AXT, Inc). The samples were grown
on two different types of substrates, either semi-insulating or heavily doped InP,
as seen in Figure 4.1.
The heavily doped InP was p-type doped with Zn, grown with carrier con-
centrations within the range of 0.8 to 8 × 1018 cm−3 and mobility in the range of
50 to 100 cm2/Vs. The samples were then cleaved into small pieces, 6 mm by 6
mm.
57
(a) (b)
Figure 4.1: Cross-sectional schematic diagram representing the het-
erostructure of the intrinsic InGaAs samples: (a) InGaAs film
on heavily-doped InP; (b) InGaAs film on semi-insulating InP
substrate.
4.3 Laser Annealing of Intrinsic InGaAs Samples
The intrinsic samples were annealed using either the CO2 or the diode laser.
To establish upper values of the dwell that produced damage following laser
annealing damage, we studied a set of single scans with steadily increasing
power for each value of the dwell. This allowed us to narrow down appro-
priate annealing conditions (in terms of power) for each dwell and determine
when laser-induced damage occurred. These served as upper limits for a given
dwell/power combination.
4.3.1 CO2 Laser Annealing
Samples of 300 nm In0.53Ga0.47As on heavily doped InP substrates, as shown on
the left hand side of Figure 4.1, were annealed with the CO2 laser. The InGaAs
is essentially transparent to the 10.6 µm laser wavelength, but the carriers in
the heavily doped InP substrate couple with the laser in order to heat the In-
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GaAs film indirectly. On the time scales and dimensions of these experiments,
thermal conduction results in uniform heating of the InGaAs surface film. This
uniformity is a result of the fact that the thermal diffusion length (
√
Dτ), calcu-
lated using room temperature properties of InP [121], is >100 µm even for the
shortest anneals (250 µs). Dwells between 250 µs to 2 ms were explored.
4.3.2 Diode Laser Annealing
Samples on semi-insulating InP were annealed using the diode laser. The direct
band gap of InGaAs (≈0.75 eV), lies above the energy of the CO2 laser but below
the energy of the diode laser, allowing us to heat the samples by direct band gap
absorption. We explored dwells of 5 ms and 10 ms.
4.4 Characterization of Intrinsic InGaAs samples
4.4.1 Laser-Induced Damage
The damage behavior for the samples differed dramatically depending on the
laser annealing wavelength, as described below.
CO2 Laser-Induced Damage
Samples annealed with the CO2 laser visibly damaged the film with evidence
of a slight color change, with the sample becoming lighter where damage oc-
curred. As the power of the laser increases, the width of the damaged region
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increases, as shown in Figure 4.2, with the green box marking the center of the
annealing scan, and the white text marking the power at which the laser was set
(using images modified from [22] in which multiple microscope images were
merged together). The line power densities ranges at which damage occurs is
summarized for each dwell time in Table 4.1.
Table 4.1: Summary of visible damage of InGaAs samples annealed with
the CO2 laser. In general, the longer the annealing time, the
lower the power the sample damages at.
Dwell (ms)
Line Power Density (W/cm)
No Damage Damage
0.25 639 671
0.5 479 511
1 383 415
2 256 287
Crystalline slip was also evident in the damage area for some anneals. Pre-
vious work in the Thompson group had characterized this visible damage with
surface damage and a decrease in arsenic composition in the sample by energy
dispersive X-ray spectroscopy [22]. This result is not surprising considering the
substantial evidence from other groups that high temperatures reached during
the annealing can cause out-diffusion and evaporation of arsenic atoms in the
InGaAs films.
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(a)
(b)
(c)
(d)
Figure 4.2: Bright field micrographs of the intrinsic InGaAs sample after
annealing with the CO2 laser with various dwell times: (a) 2
ms, (b) 1 ms, (c) 500 µs, and (d) 250 µs. Increasing the laser
power increases the light colored visible damage width that
occurs on the sample. This type of study, using single laser
scans with increasing power, are used to identify the damage
threshold of the samples. All images from [22].
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Diode Laser-Induced Damage
The samples annealed with the diode laser tended to damage by slip and crack-
ing, though the laser settings at which such damage occurred was inconsistent.
About half the samples annealed tended to break at the threshold of 75 A for the
5 ms anneals and at 55 A for the 10 ms anneals. The samples also showed other
visible signs of annealing, with the sample darkening in the areas that reached
the highest temperatures.
Figure 4.3 shows a bright field micrograph of a sample after diode annealing
at 75 A for 5 ms. The sample was coated with polymer before annealing. The
laser was scanned from the top to the bottom of the sample. The darker outer
edge of the sample was covered in polymer, the lighter region was where the
sample reached temperatures high enough to thermally decompose the poly-
mer, and the darker inner region is where the sample visibly damaged. The
widening of the damage area as the scan progressed indicated that the temper-
ature on the sample did not reach steady-state, with the sample increasing in
temperature as the laser was scanned. The sharp color change near the bottom
sixth of the figure is due to the presence of copper tape, which was used to re-
flect the laser light and thereby prevent thermal stress building up on the edge
of the sample which could lead to cracking. The exact origin of the cracking that
occurred on these samples is currently unknown. It most likely is a result of the
thermal build-up of the much larger heating area of the diode laser combined
with the small samples and lower thermal conductivity of the semi-insulating
InP substrates, the longer dwell time, or localized thermal stress from InGaAs
absorption.
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Figure 4.3: Micrograph of the intrinsic InGaAs sample coated with poly-
mer after annealing with the diode laser for 5 ms at 75 A. The
laser was scanned from top to bottom. The inner dark area is
where the sample had a visible color change after annealing,
slip lines are evident in this area. The surrounding white area
is where the sample reached high enough temperatures to ther-
mally decompose the polymer.
4.4.2 Temperature Calibrations
Temperature calibrations were conducted in situ using the thin film platinum re-
sistors, as discussed in the Methods Section. Resistors were fabricated on both
the heavily doped and semi-insulating InP samples. The resistivity of the re-
sistor was measured as the laser passed over the sample. For each dwell, a
maximum resistance was measured in the center of the laser beam, in the area
corresponding to the highest power density. This measurement was used to
generate the peak resistance versus power density for each dwell. The resistor
was also translated laterally to develop a profile of the resistance versus posi-
tion.
Gold dots were fabricated on the sample as a means to provide an absolute
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temperature measurement. In addition, polymer decomposition was used as
a secondary temperature calibration. These two methods were used to verify
a temperature at a given position on the sample, which allowed a conversion
from the resistor-measured resistance to a corresponding temperature.
CO2 Temperature Calibrations
Gold dots were fabricated on the InGaAs samples as described in the Methods
section. The laser was then scanned over the sample. The effect on the sample
following laser annealing is shown as a bright field micrograph in Figure 4.4.
The thin horizontal lines consist of gold dots; the lines are spaced 100 µm apart
and the gold dots are spaced 10 µm apart. The sample was annealed top to
bottom, with laser scans running perpendicular to the gold dots. From left to
right, the scans correspond to dwell/power combinations of: 250 µs, 721 W/cm;
250 µs, 702 W/cm; 500 µs, 462 W/cm; 1 ms, 388 W/cm; and 2 ms, 296 W/cm.
The image shows that, on the leading edge of the laser scan, the sample is not
at steady-state; thus the width of the gold melt was taken at the bottom of the
sample by which point the temperature could be relied upon to have reached
steady-state. All the scans show a slight color change indicating where the laser
had passed over the sample. The first two scans show clear visible damage on
the sample.
Figure 4.5 shows a magnified view of the top left section of the second laser
scan in a dark field micrograph. Laser-induced damage is clearly evident on the
right side of the image. The gold dots are shown running horizontally across the
image. The laser annealing temperature increases as it moves from the left side
of the sample to the right side of the sample. On the far left of the image, the
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Figure 4.4: Bright field image of the InGaAs sample with gold dots used
for absolute temperature calibration, shown after annealing
with the CO2 laser. The laser settings for each scan from left
to right are: 250 µs, 721 W/cm; 250 µs, 702 W/cm; 500 µs, 462
W/cm; 1 ms, 388 W/cm; and 2 ms, 296 W/cm. The top and
bottom of the sample show horizontal lines of gold dots. The
laser was scanned perpendicular to the lines of gold dots. The
melted dots appear dark, marking the areas on the sample
where the sample has exceeded the melting temperature of
gold. Significant laser damage is also apparent for the two left-
most scans.
gold dot is unmelted, as evidenced by the faint, circular outline of the dot on the
sample. At higher temperatures, the gold dot melts and beads up into smaller,
glowing pieces (see Figure 3.7 for a descriptive schematic and Figure 3.8 for an
image of the 1 ms, 388 W/cm scan). The ”gold melt” threshold was identified
as occurring in the fifth dot from the left. It appears that damage to the sample
takes place slightly before the gold dots melt, visible in the changes occur on
the sample in the area where the gold dots are located while the clear outline
of dots shows that the gold has not melted. This additional change also seems
to indicate that the gold dots are inducing visible damage in the sample farther
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from the laser scan than it appears in the area without gold dots, with visible
sample damage appearing to nucleate from the area where the dots are located.
Since these InGaAs samples sit on InP substrates, the visible damage that occurs
at a lower temperature than that corresponding to the gold melt (1064 ◦C) is
most likely an InP melt, which occurs at 1062 ◦C. Since the source of this visible
damage was not confirmed, and the width that this damage occurred at was
inconsistent, the width of the visible damage on the sample was not used as an
absolute temperature calibration.
Table 4.2 summarizes the gold melt widths found from for the different laser
annealing conditions. The entries each correspond to an individual scan at a
given dwell time and line power density, moving from left to right across the
sample. The result for the scan corresponding to a 2 ms dwell was inconclusive;
gold melt did appear, but it is possible that it was induced by the laser scattering
from a scratch on the sample.
Table 4.2: Summary of steady-state, laser annealing temperature calibra-
tions on InGaAs using gold melt. The width of the gold melt was
found as a function of the laser line power density and dwell
time.
Dwell Line Power Density Au Melt Width
[ms] [W/cm] [µm]
0.25 721 150
0.25 702 140
0.5 462 60
1 388 90
2 296 < 10
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Figure 4.5: Dark field micrograph of the InGaAs sample after gold dot
deposition and following annealing with the CO2 laser used
for an absolute temperature calibration. The image is of the
top portion of the 250 µs scan at 702 W/cm. The laser anneal-
ing temperature increases from left to right on the image, with
laser induced sample damage shown on the right. The tem-
perature transition from gold melt is shown by the horizontal
dots which melt into smaller glowing dots when the surface
temperature on the sample exceeds 1064 ◦C.
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An analogous polymer decomposition study was also carried out on the In-
GaAs samples. The polymer characterized in the Methods section was spun
onto the sample and laser-annealed for three different conditions: 250 µs at
739 W/cm, 1 ms at 425 W/cm, and 2 ms at 314 W/cm. The samples were char-
acterized using bright field microscope images analyzed using ImageJ intensity
plots (the same analysis was also performed on the silicon calibration samples).
The damage that occurred on the sample made it difficult to characterize with
both profilometry and dark field images. Figure 4.6 shows the microscope im-
ages of the sample after annealing, taken in the same spot with both bright and
dark field. The 250 µs and 1 ms scans show both visible damage and complete
polymer decomposition. The 2 ms scan shows partial polymer decomposition
and no visible sample damage. Table 4.3 summarizes the polymer decompo-
sition widths found from the laser-annealed samples as a function of power
density and dwell times.
Table 4.3: Summary of the inner and outer widths of the polymer decom-
position temperature calibration found using a combination of
bright field microscope analysis using ImageJ and profilome-
try on InGaAs samples annealed with the CO2 laser at different
combinations of power density and dwell time.
Dwell Line Power Density Outer Width Inner Width
[ms] [W/cm] [µm] [µm]
0.25 739 440 330
1 425 480 320
2 314 370 NA
The spatial profile generated from the InGaAs resistor, combined with the
occurrence of the gold melt (Table 4.2) and polymer decomposition (Table 4.3),
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(a) (b) (c)
Figure 4.6: Microscope images showing polymer decomposition follow-
ing the laser annealing of InGaAs at three different combina-
tions of power density and dwell time: (a) 250 µs at 739 W/cm,
(b) 1 ms at 425 W/cm, and (c) 2 ms at 314 W/cm. The up-
per image shows the dark field micrograph, the lower images
shows the bright field micrograph. All samples show polymer
decomposition, most easily identified in the bright field images
as the transition from dark (polymer coated) to light (no poly-
mer). The parameters used for laser annealing (a) and (b) also
reached a high enough temperature to visibly damage the sam-
ple, evident as the middle stripe in both the dark and bright
field images.
is shown in Figure 4.7. The peak temperature as a function of position is shown
in Figure 4.8. The size of the error bars on the gold melt and polymer decom-
position were based on the distance from the center of the sample at which
the temperature calibration was taken. The larger the error bar, the larger the
uncertainty in the temperature at the peak power. Values for the laser power
were converted to line power densities using Equation 3.1. To confirm the
coupling of the CO2 laser with the heavily doped InP substrate, a patterned
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Figure 4.7: Spatial temperature profile perpendicular to the laser scan
generated from resistor data for a representative InGaAs sam-
ple using the CO2 laser, with results shown for three different
power densities. The resistances were converted to tempera-
ture using the absolute temperature calibrations.
resistor used for the diode temperature calibration (undoped InGaAs/buffer
layer/semi-insulating InP) was scanned with the CO2 laser. It exhibited no
change in resistance, indicating no temperature change or coupling with the
CO2 laser without the heavily doped carriers in the substrate to couple with the
laser.
InGaAs films were annealed to establish the damage limits for LSA as a func-
tion of the dwell. The threshold power for visible damage in the center of each
scan was determined for dwells of 250 µs, 500 µs, 1 ms, and 2 ms, and was found
to be nearly independent of dwell at ≈1070 ◦C. The damage is most likely InP
melt, which occurs at 1062 ◦C.
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Figure 4.8: Peak temperature profile for a representative InGaAs sample
using the CO2 laser, with results shown for four different dwell
times. The resistor measurements are shown as solid symbols,
the absolute temperature calibration using gold melt is shown
as open circles and polymer as open squares. The dotted line is
based on extrapolation of the resistor data.
Diode Temperature Calibrations
Gold dots were deposited on the samples before annealing with the diode laser.
A summary of the results is shown in Table 4.4. For a 5 ms dwell, the sample
annealed at 75 A cracked before reaching a temperature high enough to melt
the gold dots. There may have been melting along the crack, but it was difficult
to ascertain with certainty. In contrast, the sample annealed at 77 A reached a
temperature above the gold melt, also cracking upon annealing.
Figure 4.9 shows the 5 ms spatial temperature profile obtained from diode re-
sistor measurements on InGaAs. The spatial profile of the 5 ms dwell was taken
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Table 4.4: Summary of Au dot InGaAs samples annealed for a 5 ms dwell
with the diode laser. Between the laser settings of 75 A and 77 A,
the sample exceeds the gold melt temperature.
Dwell (ms) Laser Current (A) Au Melt Width (µm)
5 75 0
5 77 > 310
at 20 A and temperature was scaled using the polymer decomposition width.
Using this technique, the peak temperature for the 75 A anneal was extrapo-
lated to be 1060 ◦C, just below the gold melt. We then used Au dots to confirm
this temperature calibration. The sample annealed at 75 A appeared to reach a
peak temperature below the gold melt (it cracked during annealing with what
appeared to be one Au dot melted along the crack). A sample annealed at 77 A
was above the gold melt, with at least 31 of the Au dots melting. Half the sam-
ple annealed at 77 A shattered, making it impossible to retrieve an accurate Au
melt width. This confirms that, for the two samples measured, the temperature
was below 1064◦C for an anneal at 75 A and above for 77 A.
The resistors did give some unexpected results. In Figure 4.10(a), we found
that the resistance of the resistor changed as the HeNe pilot diode was scanned
across the surface. Additionally, in Figure 4.10(b), we found that we could turn
the room lights on and the resistance of the resistor would drop, perhaps indi-
cating a poor electrical insulation from the InGaAs. Finally, the peak resistance
versus laser current had an unexpected trend. Because of these anomalies, the
absolute temperature calibrations were performed at the laser settings used for
annealing, and extrapolations to other power densities should be undertaken
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Figure 4.9: Spatial temperature profile for InGaAs using the diode laser
with a 5 ms dwell. The spatial profile was collected using re-
sistors at lower temperature and scaled to a higher tempera-
ture using the results from the absolute temperature calibra-
tions (gold melt and polymer decomposition). Because of the
broad focus of the diode laser in the x-axis, the spatial profile is
significantly wider than the spatial temperature profile of the
CO2 laser.
with caution.
Figure 4.11 summarizes the peak resistance found from scanning the diode
laser over the resistors for each dwell time. These data are shown in more detail
than for the CO2 resistors because the trends were unexpected and remain not
well understood at this point. The peak resistance for each scan was found for
a given value of the diode laser current and normalized to the initial resistance
of the resistor before the diode laser passed over it. For scans labeled ”up,”
the current was increased in 0.5 A increments. For data labeled ”down,” the
current to the laser was decreased in 0.5 A increments. This was done in order
to determine if the sample had cooled sufficiently between measurements. Each
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Figure 4.10: The resistor response (a) when scanned with a low power
HeNe laser (a pilot diode used for aligning the samples for an-
nealing) and (b) when the room lights were turned on and off.
The resistor was not expected to behave in the manner that it
did with either sample. If sample heating by light absorption
was the source of the change, the resistance is expected to in-
crease. It is currently unknown why the resistance decreases
when exposed to the room lights and the resistance initially
increases then decreases as the HeNe laser is scanned over
the sample.
dwell was measured by first increasing the power, then decreasing the power,
and finally increasing again to check for repeatability. It was expected that, if
the sample did not have enough time to cool between scans, the increase in
temperature on the sample would lead to a higher resistance. The samples that
were ramped down in power would have a higher temperature, and thus higher
resistance if this was the case. Unexpectedly, for all cases, the resistors show a
strong, non-linearity in resistance versus laser current until a threshold power
is reached and then the expected linearity returns. Additionally, the samples
that were ramped down in power had the lowest resistance each time in the
non-linear region. Additionally, the non-linear region seemed to have the most
variance in measured resistance at each laser current whereas the linear region
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Figure 4.11: The relative temperature calibration using resistors as a func-
tion of the diode laser current. The peak resistance was
found on the semi-insulating, diode laser-annealed samples
at dwells of: (a) 1 ms; (b) 2 ms; (c) 5 ms; and (d) 10 ms.
is consistent. The linear region for each dwell can be extrapolated to roughly to
the current which the diode laser turns on, 12 A. Using the ”down” data linear
region starts about at 55 A for the 1 ms dwell, 37 A for 2 ms, 23 A for 5 ms, and
20 A for the 10 ms dwell.
Directly comparing results for each dwell also leads to very unexpected re-
sults, an average for each dwell is summarized in Figure 4.12. At a given power,
the shortest dwell should anneal at the lowest temperature. However, this trend
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Figure 4.12: Peak resistance profile on for InGaAs using the diode laser
for dwells of 1 ms, 2 ms, 5 ms, and 10 ms as a function of laser
current. A linear relationship between the laser current and
resistance is expected, as well as an increase in resistance at a
given laser current as the dwell is increased. The reason for
the observed behavior is currently unknown.
does hold for the non-linear regime for the resistors– the shortest dwell has the
highest resistance, and if the resistance was solely a response to temperature
change, the highest temperature. Extrapolating from the linear regime of the
resistors gives the expected trend- the longer dwells reach a higher resistance
than the shorter dwells at the laser current. This, combined with the resistor’s
response to the room lights and the HeNe laser, is good evidence that the non-
linear behavior may not be a temperature driven effect. Because of this, the
data collected from the resistor was not converted to temperature as it was for
the CO2 laser.
The majority of anneals in subsequent annealing studies of InGaAs on InP
with the diode laser were conducted using 75 A with a 5 ms dwell. Conver-
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sions from temperature to position were made based on the diode spatial pro-
file Figure 4.9. Based on polymer decomposition, gold melt studies, and the
sample damage behavior- the peak temperature of the anneals when cracking
damage occurs is assumed to be around the temperature of InP melt at 1062 ◦C
(Table 3.4).
4.4.3 Optical Characterization: Raman Spectroscopy
Micro-Raman characterization with high spatial resolution was used to probe
the changes in the sample after annealing with the CO2 laser. Raman spectra
were collected in 5 µm increments perpendicular to the laser annealing stripe.
Using the temperature calibrations developed in the previous section, the
positions on the sample were then converted to a corresponding temperature.
To limit the amount of error introduced from uncertainty in these temperature
conversions, the temperature is defined relative to the thermal damage thresh-
old, TD. This damage threshold corresponds to position where the visible dam-
age identified in the microscope images occurs, and is accompanied by a sudden
change in the Raman signal, which will be discussed next.
Figure 4.13 shows Raman spectra, highlighting changes in the primary
phonon peaks as a function of annealing temperature, with the gray lines mark-
ing the primary phonon peak positions (InAs-like: 225 cm−1 (TO), 233 cm−1 (LO);
GaAs-like: 255 cm−1 (TO), 269 cm−1 (LO)). The spectra were taken from a sample
annealed with the CO2 laser with a 1 ms dwell at 24 W. It is evident from this
plot that the Raman spectra changes drastically once damaged. At the onset of
visible damage, we observe a sharp decline in the GaAs-like LO mode intensity,
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Figure 4.13: Waterfall plot of Raman spectra of the primary phonon peaks
in intrinsic InGaAs as a function of annealing temperature for
a sample laser-annealed at 24 W with a 1 ms dwell. The gray
lines marking the primary phonon peak positions (InAs-like:
225 cm−1 (TO), 233 cm−1 (LO); GaAs-like: 255 cm−1 (TO), 269
cm−1 (LO)). Above the thermal damage temperature, TD, the
Raman spectra exhibit a sharp change, most dramatically ap-
parent in the decrease in the intensity of the GaAs-like LO
phonon (the peak marked at the highest wavenumber).
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Figure 4.14: Example of the Genplot fitting of the primary peaks in the
Raman spectra. The fitting is important to deconvolute the
overlapping peaks. The Raman spectra were fit using the pri-
mary phonon peak positions (InAs-like: 225 cm−1 (TO), 233
cm−1 (LO); GaAs-like: 255 cm−1 (TO), 269 cm−1 (LO)) and a
disorder-induced mode at 244 cm−1. The fitting script was
used for each collected Raman spectrum to analyze changes
in material with annealing. The peak positions, widths, and
intensity were allowed to vary during fitting.
with a corresponding appearance of Raman InAs-like and GaAs-like transverse
optical (TO) modes.
The temperature at which the intensity of the GaAs-like LO phonon peak
drops abruptly is defined as the thermal damage temperature (TD). For all
dwells, our best estimate of this temperature is ≈1070±50 ◦C, near the expected
In0.53sGa0.47As and InP melting points.
This signal change correlated well with the visible damage on the sample
and with As loss. To quantitatively assess the change in behavior of the spec-
tra, the phonon peaks were fitted between 180 cm−1 and 310 cm−1 using a set
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of five Lorentzian peaks: GaAs-like and InAs-like peaks as well as an disorder-
induced mode at 244 cm−1 [107]. An example of the fitting is shown in Fig-
ure 4.14. The results of the fitting is shown for the GaAs-like LO phonon mode
in Figure 4.15. The GaAs-like phonon mode shifts in position 125 ◦C before dam-
aging. Once the sample approaches the damage threshold, the area of the GaAs-
like LO phonon peak drops. Changes in primary peaks can indicate changes in
alloy composition, orientation, crystalline quality, and stress [122]. A decrease
in intensity corresponds to a decrease in crystalline quality, and a shift of the
peak position corresponds to a change in composition or stress. The behavior
in Figure 4.15 shows that little change is apparent in the GaAs-like LO phonon
in Raman until ≈125 ◦C before damaging. After this point, the GaAs-like LO
phonon shifts in position and decreases in intensity. This shows that even be-
fore the visible damage, the crystalline quality of the sample changes during
annealing. The change is gradual, and is most likely from arsenic evaporation
at high temperature.
4.5 Summary
InGaAs films were annealed using IR lasers on both the heavily p-type doped
and semi-insulating InP substrates. The difference in absorption mechanism
(film versus substrate) combined with the different laser annealing profiles, and
dwell times led, ultimately, to different types of sample damage. Samples that
were diode laser-annealed ultimately reached lower temperatures during the
anneals and were less consistent in their failure behavior. Arsenic evaporation
from the films was apparent even for the shortest dwell times explored here.
Raman spectroscopy was used to probe changes in the sample as a result of
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Figure 4.15: Plot of the Raman GaAs-like LO phonon peak position and
area as a function of annealing temperature (up to sample
damage). Raman spectra were collected after annealing with
the CO2 laser for 1 ms at 24 W. As annealing temperature in-
creases, the GaA-like LO phonon peak area decreases and the
peak position increases, indicating a change in crystalline lat-
tice.
laser annealing, with the GaAs-like phonon mode disappearing when the sam-
ple surpassed the damage threshold.
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CHAPTER 5
ION-IMPLANTED InGaAs
5.1 Motivation
Ion-implantation is a traditional and cost-effective way of incorporating
dopants into semiconductors with good spatial resolution. As a result of im-
plantation, the dopants need to be annealed to repair the damage made to the
initially crystalline material and move the dopants into active lattice sites. In
this study, ion-implanted InGaAs samples were laser-annealed with either the
CO2 or the diode laser to evaluate the feasibility of activating dopants using
short-timescale, high temperature laser anneals and to establish limits in both
dopant activation and damage created in the samples.
5.2 Sample Details
5.2.1 InGaAs Low Dose Implant Samples
Samples with 300 nm thin films of In0.53Ga0.47As were epitaxially grown on a
InAlAs buffer layer, on either semi-insulating or heavily doped, lattice-matched,
InP substrates (samples provided by IBM, substrates from AXT, Inc.). Samples
were doped with Si by ion-implantation at room temperature at 20 keV to a dose
of 1014 cm−2, and were cleaved into small 6 mm by 6 mm pieces for annealing.
Cross-sectional sketches of the samples are shown in Figure 5.1. SRIM (Stopping
and Range of Ions in Matter) [123] calculations were used to give an estimated
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(a) (b)
(c) (d)
Figure 5.1: Schematic cross-sectional diagrams of the InGaAs samples
from IBM that were ion-implanted with silicon. Samples an-
nealed with the CO2 laser feature heavily doped InP substrates
whether (a) uncapped or (b) capped configurations. Samples
on semi-insulated InP substrates were annealed with the diode
laser, (c) uncapped and (d) capped with an Al2O3 layer.
range of 25 nm for the Si with a peak concentration of 2.5 × 1019 cm−3. To prevent
arsenic evaporation at high annealing temperatures, some of the implant-doped
samples were capped with 15 nm of Al2O3 deposited by atomic layer deposition
at the University of Florida (courtesy of Kevin Jones), as shown in Figure 5.1b.
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(a) (b)
Figure 5.2: Representations of the InGaAs samples from the University
of Florida that were ion-implanted with silicon: (a) schematic
cross-section of the sample, (b) SIMS implant profile (10 keV)
of silicon concentration as a function of depth, provided by our
University of Florida collaborator [23]. Samples were annealed
with the diode laser.
5.2.2 InGaAs High Dose Implant Samples
Samples with 300 nm epitaxially grown In0.53Ga0.47As on lattice-matched InP
substrates. Samples were obtained in collaboration with Kevin Jones’s group at
the University of Florida (UF). Samples were implanted with a dose of 5 × 1014
cm−2 at 10 keV at 80 ◦C to avoid amorphization. A sketch of a typical sample’s
cross-section is shown in Figure 5.2a.
Some of the samples were subjected to an additional rapid thermal annealing
(RTA) step and their electrical properties were then measured by our collabora-
tors at University of Florida. A summary of the samples is shown in Table 5.1.
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Table 5.1: Summary of the ion-implanted InGaAs samples provided by
University of Florida.
Sample ID RTA Step Mobility Sheet Number Sheet Resistivity
UF-A none N/A N/A N/A
UF-B 750 ◦C spike 4044 2.49 × 1012 619
UF-C 750 ◦C 5 s fast ramp 1788 1.86 × 1013 187
5.3 Annealing Methods
5.3.1 Furnace Annealing
For furnace anneals, samples were added into a load-locked, pre-heated furnace
at room temperature, outside the heated zone. The furnace was purged with
nitrogen gas for 10 minutes. The samples were then moved into the heated zone
in ≈15 seconds. Once the samples were moved into the heated zone, they were
annealed for 15 minutes. After annealing, the samples were moved rapidly back
to load-lock and allowed to cool for 5 minutes before opening up the load-lock
and exposing the samples to ambient air.
5.3.2 Laser Annealing
The coupling mechanism for laser-induced annealing is assumed to be the same
as the intrinsic InGaAs samples. As with the intrinsic InGaAs samples on heav-
ily doped InP, the ion-implanted samples were annealed with the CO2 laser.
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The CO2 laser heats the sample by coupling with the free carriers in the heavily-
doped InP substrate. Samples on semi-insulating substrates were annealed with
the diode laser which heats the sample by coupling with the direct band gap on
InGaAs.
5.4 Characterization of Low Dose Implant Samples
5.4.1 Laser Annealing Temperature and Material Damage
Since the coupling mechanism in doped InGaAs is the same as that for the in-
trinsic InGaAs samples, the annealing temperature that was found using the
intrinsic samples was applied to these samples. This assumes that the doping
did not significantly alter the coupling behavior between the laser and the sam-
ples.
The doped InGaAs samples on p-type InP annealed with the CO2 laser were
found to incur damage at ≈ 10% lower power densities than the undoped sam-
ples. This could be a result of the activated carriers in the InGaAs coupling to
the CO2 laser, leading to an increase in absorption. This behavior is evidenced
by the wider damage width that occurs after annealing with the CO2 laser at
same power and dwell compared to intrinsic samples. Additionally, sometimes
crystalline slip accompanied the visible damage that occurred on the sample.
Figure 5.3 shows a dark field micrograph of an uncapped, Si-doped In-
GaAs sample annealed just above the damage threshold (in this case, 1 ms, 388
W/cm). The damage is visible as a periodic pattern that is apparent in both
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bright and dark field imaging, with oscillations on the order of the wavelength
of the CO2 laser (≈11 µm). Similar patterns have been observed for laser irra-
diation of Si and GaAs as mentioned in the Methods Chapter and have been
identified as laser-induced periodic surface structures (LIPSS) stemming from
a laser-induced instability. It is suggested that these patterns are triggered by a
surface scattering event that is then imprinted on the material by melt, deforma-
tion, and re-solidification [124, 92, 72, 95]. As the damage threshold is an easily
established reference condition, temperatures in the subsequent discussion are
expressed relative to this damage temperature, TD.
5.4.2 Electrical Characterization: Micro Four-Point Probes
Sheet conductance (proportional to carrier density assuming a constant mobil-
ity) of two laser scans with a 1 ms dwell were measured using CAPRES mi-
cro four-point probes (Figure 5.4a). These data are plotted as a function of the
spatial position across the Gaussian laser scan, with the highest temperature
reached at x=0 and decreasing temperatures on either side (see Figure 4.7). The
equivalent sheet resistance is shown on the right axis. For a scan with a peak
laser power density of 350 W/cm (≈100 ◦C below TD), the InGaAs reaches tem-
peratures that activate the silicon dopants as evidenced by the monotonic in-
crease in sheet conductance towards the center of the laser scan. Increasing
the peak laser power density to 380 W/cm (TD+10 ◦C), the maximum annealing
temperatures exceeds the damage threshold which is manifested as a decrease
in sheet conductance for positions within 50 µm of the center. Using the lat-
eral laser temperature profile to convert from position to temperature, these
same data are shown in Figure 5.4b as a function of peak annealing temper-
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Figure 5.3: Dark field micrograph of Si-doped, InGaAs subjected to CO2
laser annealing, showing LIPSS damage at high annealing tem-
peratures. The sample was annealed with a 1 ms dwell at an
estimated peak temperature of 1080 ◦C.
ature. For the 350 W/cm anneal, the entire scan remains below the damage
threshold whereas, at 380 W/cm, the center exceeds the damage threshold tem-
perature. The overlap of these data confirms the reliability of the temperature
calibrations over varying samples and laser powers. The extremely rapid rise in
sheet conductivity also demonstrates the power of the spatially resolved char-
acterization which is able to follow the rapid onset of activation over a narrow
10-20 ◦C temperature band (975-995 ◦C). Indeed, the entire temperature window
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Figure 5.4: (a) Sheet conductance as a function of position for two laser
stripes annealed with a 1 ms dwell at different laser powers.
(b) Sheet conductance as a function of the peak annealing tem-
perature. Uncertainty in temperature increases with increasing
distance from the center of the beam.
for the activation of InGaAs is surprisingly narrow using LSA. Essentially no ac-
tivation is observed 110 ◦C below TD with the peak activation achieved at 30 ◦C
below TD.
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5.4.3 Raman Characterization of Low Dose Implant Samples
Initially, the low dose, ion-implanted samples were furnace-annealed and char-
acterized using Raman spectroscopy. This gave us a long-timescale annealing
behavior from furnace annealing to compare to the short-timescale behavior
from laser annealing. In Figure 5.5, a waterfall plot of the collected Raman spec-
tra is plotted for each annealing temperature.
The primary phonon peaks in the Raman spectra are generally not visible,
due to a filter cut-off in the spectrometer, with the exception of the tail-end of
the GaAs-like LO phonon (the lowest wavenumber peak). The peaks between
300 and 550 cm−1 are secondary phonon peaks. The implant destroys the crys-
talline quality of the sample. Beginning at 450 ◦C, the implantation damage
starts to repair, reflected in an observed increase in intensity and a sharpening
of the secondary phonon peaks. Beginning at 500 ◦C, a broad peak appears
around 720 cm−1 and increases in position as the temperature increases. This
is identified as the L+ coupled mode, discussed in the Methods section. The
increase in peak position indicates that the implanted silicon dopants in the
sample are becoming activated. Between 600 ◦C and 650 ◦C, the L+ does not
significantly change in position, but the primary phonons show an increase in
crystalline quality. The maximum L+ peak position occurred for the 700 ◦C an-
neal. At 750 ◦C, the sample showed signs of visible damage and the Raman
spectra varied across the sample. Since these samples were uncapped, the dam-
age is likely to stem from arsenic loss. The 550 ◦C anneal did not have a visible
L+; the reason for this is currently unknown. We can compare our results with
other work; for instance, Hernandez et al. found that, with 10-second RTA, a
temperature of 600 ◦C was sufficient to repair crystalline damage, but higher
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Figure 5.5: Waterfall plot of Raman spectra taken for furnace-annealed,
ion-implanted InGaAs from annealing temperatures ranging
from 450 to 750 ◦C in steps of 50 ◦C. Each offset scan cor-
responds to a different annealing temperature. The lowest
wavenumber peak at ≈269 cm−1 is the GaAs-like phonon mode.
The broad peak between 600 cm−1 and 1000 cm−1 that increases
in wavenumber with an increase in temperature signifies an
increase in n-type carrier concentration. The sample showed
visible signs of surface damage at 750 ◦C and inhomogeneities
in the Raman signal based on the position on the sample, so it
was defined as the damage temperature.
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temperatures, 700 ◦C, were needed to activate the implant [16]. It is expected
that long timescales of furnace annealing relative to RTA would allow for those
changes to take place at lower temperatures.
The behavior of undoped InGaAs under LSA and the furnace anneal-
ing of doped InGaAs established a framework with which we could study
ion-implanted samples. For these moderate dose implants, concentration-
dependent diffusion effects are not expected to occur for short timescale an-
neals, allowing a baseline behavior to be established under LSA. This discus-
sion will focus on 1 ms dwells; but all other dwells exhibited similar behavior.
As a function of the peak annealing temperature, the GaAs-like LO phonon
peak area was used to follow recovery of implantation-induced crystal damage,
while the LOPCM peak was used to estimate active carrier concentrations. Fig-
ure 5.6a shows the evolution of the LO peak area and the LOPCM peak position
with annealing temperature to just above the damage threshold. At tempera-
tures above 100 ◦C below TD, there was insufficient energy to activate any sig-
nificant carrier concentration. In this regime, the GaAs-like LO peak exhibited
a continued rise in intensity, which we attribute to structural annealing of the
implantation-induced lattice damage.
With increasing temperature, Si dopants began to activate and a statistically
significant LOPCM peak was observed with an abruptly increasing intensity.
Since the Raman modes are coupled, the area of the GaAs-like LO phonon peak
decreased as this LOPCM peak developed. The peak position, which directly
measures the carrier concentration, is also shown in Figure 5.6a (when statis-
tically significant). Because Raman spectroscopy probes across an inhomoge-
neous doping profile, the LOPCM peak was found to be broad in comparison
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to samples that were homogeneously doped, such as those in the next chapter.
This result has been noted before for InGaAs implanted with silicon [16].
At the onset of measurable activation, the LOPCM peak occurred at
≈860 cm−1 corresponding to an active carrier concentration of 5 × 1018 cm−3. The
activation level increased with increasing temperature to a maximum that oc-
curred ≈30 ◦C below TD, with an LOPCM peak at almost 1000 cm−1. This corre-
sponds to a carrier density of 7.6 × 1018 cm−3. With further increases in tempera-
ture, the LOPCM peak shifted to lower wavenumbers until reaching the damage
threshold at which both the GaAs-like LO and LOPCM peaks collapse. Table 5.2
summarizes results for a variety of different dwells, in addition to a 15-minute
furnace anneal in N2. In all cases, laser-annealed samples were able to reach
higher activation levels, which occurred at temperatures 300-350 ◦C above tem-
perature limits for the furnace anneals. Because of the uncertainty in the mea-
sured temperatures for the LSA samples, differences in activation and damage
temperatures between the different laser dwells are very likely to be negligible.
The effect of a 15 nm ALD Al2O3 capping layer is shown in Figure 5.6b with
similar LO peak intensity and LOPCM peak position data. The LO phonon
peak intensity again increased with temperature, reaching a maximum approx-
imately 150 ◦C below TD, followed by the onset of the LOPCM peak. However,
in contrast to the uncapped sample, the capped sample reached its maximum
LOPCM peak position just before damage occurred. Although the absolute
maximum LOPCM peak positions differ, we do not believe this is significant
as it falls within the standard deviation of the uncertainty in LOPCM position.
The drop in the LOPCM peak for uncapped samples within 30 ◦C of TD is likely
to be due to the incipient loss of arsenic from the sample just below the melt,
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Table 5.2: Summary of CO2-annealed, low-dose ion-implanted samples.
LSA was able to activate more n-type carriers and reach higher
temperatures before damaging in comparison to furnace anneal-
ing.
Annealing 15 minutes 250 µs 500 µs 1 ms 2 ms
Time Furnace LSA LSA LSA LSA
Onset of
500 945 980 970 945
Activation [◦C]
Peak
700 1015 1040 1040 1020
Activation [◦C]
Damage [◦C] 750 1050 1075 1070 1060
Peak LOPCM
[cm−1]
910 965 980 1000 970
Peak Carrier
Density [cm−3]
5.6 × 1018 6.0 × 1018 7.1 × 1018 7.6 × 1018 6.9 × 1018
Estimated
34% 36% 41% 44% 40%
Activation
with arsenic vacancies compensated by the amphoteric silicon dopants. The
deactivation behavior on the uncapped sample occurs ≈50 ◦C below TD. Com-
paring with the Raman behavior of the uncapped intrinsic InGaAs samples in
Figure 4.15, the area and position of the primary GaAs-like LO phonon also
changed within ≈50 ◦C of damage, supporting the claim that this deactivation
behavior is a related to the changes in the InGaAs film. The capping layer ap-
pears to be effective at preventing this evaporation up to the onset of the melt
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and preventing deactivation from occurring.
5.4.4 Comparison of Micro Four-Point Probes and Raman Data
Electrical and Raman estimates of carrier densities should be consistent. To test
this, Figure 5.7 compares the electrical sheet conductivity (neµ) with the LOPCM
determined carrier density for uncapped samples. Both data sets show essen-
tially identical trends, with the carrier concentration increasing dramatically at
100 ◦C below TD before reaching a peak near 30 ◦C below TD. Above this peak
activation, the carrier concentration and sheet conductivity decrease slowly, pre-
sumably due to arsenic loss, until damage. The strong correlation of the carrier
concentration with the sheet conductance indicates that the carrier mobility re-
mains relatively constant over this temperature range. Based on the SRIM[123]
implant profile, and assuming a flat truncated carrier concentration, we esti-
mate the room temperature mobility of the carriers to be ≈1060 cm2/Vs. This is
consistent with other Hall effect measurements of Si+ mobility in ion-implanted
InGaAs [125, 126].
5.5 Characterization of High Dose Implant Samples
5.5.1 Laser Annealing Temperature and Material Damage
The diode laser was used to anneal the InGaAs samples on semi-insulating InP
substrates. Since the coupling mechanism is direct band gap absorption with
the InGaAs, the doping through ion-implantation was not expected to signifi-
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Figure 5.6: The GaAs-like LO phonon peak area and LOPCM peak posi-
tion as a function of peak annealing temperature across a sin-
gle laser scan for an ion-implanted sample that is (a) uncapped
and (b) capped with 15 nm of Al2O3. LOPCM data are shown
only for spectra with a statistically significant peak. At high
temperatures before damaging, the uncapped sample shows a
decrease the carrier concentration, whereas the capped sample
does not show this same decrease. It is hypothesized that this
deactivation behavior is a result of the group V vacancies that
are created when the arsenic evaporates. The amophoteric sil-
icon dopants can move into these group V sites, forming com-
pensating defects that deactivate the n-type carriers in the sam-
ple.
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Figure 5.7: Comparison of the LOPCM peak position (carrier density)
with the measured sheet conductance as a function of temper-
ature. The trend from the traditional electrical sheet conduc-
tance measurement matches well with the trend for the carrier
concentration found using Raman Spectroscopy.
cantly alter the interaction of the laser with the sample. It was assumed that the
temperatures reached during laser annealing on the intrinsic samples and the
ion-implanted samples are the same.
The ion-implanted samples annealed with the diode laser damaged the same
way as the intrinsic samples, with crystalline slip, color change, and often crack-
ing. Additionally, there were no apparent differences between intrinsic versus
doped samples the laser settings that caused the samples to reach the damage
threshold. Figure 5.8 compares the laser annealing damage behavior of the in-
trinsic and ion-implanted InGaAs samples from IBM without protective cap-
ping layers. Longer, 10 ms dwells, were initially explored for annealing, but the
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sample cracked more frequently than with the 5 ms dwells. The damage thresh-
old for sample cracking for 10 ms dwells was within the 49 A to 55 A range. All
samples characterized in the sections below were laser-annealed with a 5 ms
dwell with the laser current set at 75 A. The samples that were capped did not
show the visible color change that the damaged uncapped samples did, as ap-
parent in Figure 5.8. Based on this, is is assumed that the color change in the
uncapped samples is originating from arsenic loss.
5.5.2 Raman Characterization of High Dose Implant Samples
After annealing, Raman spectra were taken across the samples and analyzed
to locate the LOPCM peak position. The peak position was converted to car-
rier density and the position on the sample was converted to laser annealing
temperature. A comparison between the samples is shown in Figure 5.9.
Samples were annealed with RTA and electrically characterized by Univer-
sity of Florida. Raman showed additional activation after LSA, with LSA most
effective on samples with high mobility but with low carrier concentrations
(RTA 750 ◦C, spike). The carrier density from the LOPCM peak after LSA is
approximately 30% greater than the 1.4 × 1019 cm−3 solubility limit found previ-
ously [24]. The results are summarized in Table 5.3.
5.6 Summary
Ion-implanted samples were successfully annealed using either a CO2 or diode
laser. The carrier concentration as a function of position of the sample was mea-
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(a) Intrinsic InGaAs (b) Ion-Implanted InGaAs
Figure 5.8: Bright field micrograph comparing the damage behavior of
the (a) intrinsic and (b) ion-implanted InGaAs samples from
IBM. Both samples were scanned with the diode laser with a
10 ms dwell. The diode laser currents was set at (a) 54 A and
(b) 53 A. The image for (b), the doped sample, was composed
from combining 3 separate images, the blue lines are guides to
measure the width of damage. Both samples show clear signs
of visible damage, with the damaged region appearing dark.
sured using Raman spectroscopy. The trend in carrier concentration matches
well with traditional electrical measurements for sheet resistivity. It was found
that a capping layer on the samples helps prevent deactivation that most likely
stems from arsenic evaporation. The capping layer did not prevent the samples
from becoming damaged, which probably arises due to melting of the InP sub-
strate. The spatially resolved data was converted from position on the sample
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Figure 5.9: Summary of LOPCM carrier concentration as a function of
laser annealing temperature for the high dose, ion-implanted
samples from University of Florida. Samples are (a) UF-A, (b)
UF-B, and (c) UF-C. Laser annealing increased the carrier con-
centrations in all samples, with laser annealing being most ef-
fective on sample (b), where the carrier concentration exceeds
the limit found by Lind et al. [24].
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Table 5.3: Summary of the peak carrier density found using Raman Spec-
troscopy after laser annealing the ion-implanted InGaAs sam-
ples provided by University of Florida.
Sample ID LOPCM Position Peak Carrier Density
UF-A 1225 1.5 × 1019
UF-B 1300 1.8 × 1019
UF-C 1200 1.4 × 1019
to temperature using the calibration developed for intrinsic samples. For high
dose samples, the carrier concentrations reached and, in one case, exceeded the
carrier density limit reached for longer time, lower temperature thermal pro-
cessing. Overall, LSA was effective at activating ion-implanted samples.
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CHAPTER 6
METASTABLE InGaAs
6.1 Motivation
Techniques capable of producing high, metastable, doping concentrations by
growing-in dopants into lattice positions where they are electronically active,
are a distinct viable approach to reach high carrier concentrations beyond what
may possible with doping by ion-implantation. This chapter explores the stabil-
ity of these high carrier concentrations when treated with short timescale, high
temperature laser anneals. The intent of this study is to determine whether fur-
ther thermal processing on samples with high grown-in carrier concentrations
will cause deactivation to lower carrier concentrations, as is found for other an-
nealing processes such as furnace annealing. For longer timescale anneals, both
dopant diffusion and a decrease in carrier concentration was seen in silicon-
doped InGaAs grown by MBE [24]. As-grown samples do not have the issue
surrounding implantation damage, and samples can be grown with more pre-
cise control over the the defect populations, which ultimately control carrier
concentrations. Samples were grown with dopants in active positions using ei-
ther molecular beam epitaxy (MBE) or metal organic chemical vapor deposition
(MOCVD).
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6.2 Sample Details
The samples used in this study were grown by MBE and MOCVD and obtained
through our collaborators at the University of Florida, as described below. All
samples had a 15 nm of Al2O3 capping layer added after growth, deposited at
250 ◦C by atomic layer deposition (ALD) by our collaborators.
6.2.1 Metastable Si-doped InGaAs on InP
Silicon-doped In0.53Ga0.47As was grown by MBE on semi-insulating InP at Uni-
versity of Delaware. The InGaAs was grown at 490 ◦C, with 320 nm of InGaAs
topped with 60 nm InGaAs doped with silicon to a concentration of 7 × 1019 cm−3
(Figure 6.1a). This sample was the same as was used in the studies done by our
collaborators at the University of Florida [83]. Our collaborators measured the
carrier concentration in the MBE grown sample to be 2.86 × 1019 cm−3.
6.2.2 Metastable Te-doped InGaAs on InP
Tellurium-doped InGaAs was grown by MOCVD on a semi-insulating InP sub-
strate. The samples were provided to us by University of Florida, A previous
study on the same samples was conducted by SEMATECH [10]. Undoped InP
(100 nm) was initially deposited on InP, followed by Te-doped InGaAs (100 nm)
grown at 660 ◦C (Figure 6.1b). According to their paper [10], carrier concentra-
tions for these samples are 3.4 × 1019 cm−3, with a sheet resistivity of 13.8 Ω/,
and a mobility of 1320 cm2/V s.
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(a) (b) (c)
Figure 6.1: Schematic diagrams showing a cross-sectional view of the
metastable samples with grown-in dopants: (a) Si-doped In-
GaAs on InP, (b) Te-doped InGaAs on InP, and (c) Te-doped
InGaAs on Si.
6.2.3 Metastable Te-doped InGaAs on Si
Tellurium-doped InGaAs was grown by MOCVD on a Si substrate, the same
samples as from the study published by SEMATECH [10]. On silicon sub-
strates, a buffer layer structure was used to relieve the lattice mismatch between
Si and In0.53Ga0.47As. The buffer layers consisted of GaAs (350 nm)/InP (800
nm)/InAlAs (300 nm) followed by ≈300 nm of Te-doped InGaAs with a ≈100 nm
undoped InGaAs capping layer (Figure 6.1c). The InGaAs was grown at 500 ◦C.
The GaAs and InP layers relieve lattice strain, whereas the large band gap In-
AlAs acts as an electronically insulating layer. For these samples, the reported
carrier concentrations are 8.0 × 1019 cm−3, with a sheet resistivity of 12.1 Ω/,
and a mobility of 841 cm2/V s.
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6.3 Laser Annealing Methods
All the samples were annealed using the diode laser, which heats the samples
by direct band gap absorption.
6.3.1 Diode Annealing of Si-doped InGaAs on InP
The silicon-doped InGaAs was annealed with the diode laser at 75 A with a 5 ms
dwell. The sample cracked into two pieces during laser annealing, showing
evidence of crystalline slip visible in a microscope.
6.3.2 Diode Annealing of Te-doped InGaAs on InP
The anneal for the tellurium-doped InGaAs on the InP was performed at 75 A
with a 5 ms dwell, which led to crystalline slip on the sample.
6.3.3 Diode Annealing of Te-doped InGaAs on Si
The samples on the Si substrates were annealed with a 5 ms dwell at 75 A, 85 A,
95 A, and 110 A (the maximum current of the diode laser). Even at the maxi-
mum current, the samples showed no visible signs of damage or annealing. To
confirm this, we conducted absolute temperature calibrations using the highest
annealing current. Gold dots deposited on the sample did not melt, indicating
that the annealing temperature did not surpass 1064 ◦C. In addition, polymer
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spun on the sample which was then annealed showed no signs of decomposi-
tion, indicating that the sample did not surpass 600 ◦C.
6.4 Raman Characterization of Metastable InGaAs Samples
Before and after annealing, the samples were characterized using Raman spec-
troscopy. The samples were probed perpendicular to the laser annealing scan
to look for changes in activation as a function of annealing temperature. Based
on the results on the intrinsic samples, the peak annealing temperature of the
samples on the InP substrate was assumed to be 1062 ◦C.
6.4.1 Si-doped InGaAs on InP
After annealing, the two halves of the samples were characterized using Ra-
man spectroscopy. Figure 6.2 shows the corresponding Raman LOPCM peak
position.
The position on the sample was converted to temperature using the resis-
tor spatial temperature profile and absolute temperature calibration from the
intrinsic samples. It was assumed, based on the intrinsic sample data, that the
peak temperature this sample reached before cracking was ≈1062 ◦C. The data
clearly shows that the LOPCM peak position did not change after laser anneal-
ing, except for the section of the sample that was physically damaged, showing
clear crystalline slip and cracking. Where there was visible damage, the LOPCM
peak decreased, showing evidence of deactivation.
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Figure 6.2: LOPCM peak position for Si-doped InGaAs on InP as a func-
tion of annealing temperature as determined from Raman spec-
tra. The black dotted line indicates the measured peak posi-
tion before laser annealing. The data points are from two mea-
surements across the laser annealing profile. The purple points
are from an area on the sample without slip whereas the blue
points are over an area with visible slip.
6.4.2 Te-doped InGaAs on InP
The Raman spectra of a Te-doped InGaAs sample on InP before and after laser
annealing, shown in Figure 6.3a, shows that there are few changes in the Raman
signal after annealing. Taking a closer look at the LOPCM peak, Figure 6.3b
shows that, before annealing, the LOPCM peak is located at 1748 cm−1, whereas,
after annealing, the peak position changes, with the appearance of visible slip
on the sample. The peak does not change in the area of the sample located in
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the center of the stripe that is undamaged. In the area on the sample where
there is visible slip, the LOPCM peak splits into two peaks and red shifts to
1693 cm−1 and 1503 cm−1. This red shift in the LOPCM peak after annealing
indicates deactivation. The splitting behavior of the peak is most likely to be a
result of the damage that occurred on the sample.
Haynes et al. [68] showed that As loss through pinholes and cracks is caused
by stresses due to mismatches in the thermal expansion coefficient of the dielec-
tric cap and the III-V material, and not from diffusion though the cap materials
itself. For these Te-doped InGaAs samples, Orzali et al. [10] noted that, dur-
ing growth, the tellurium has a high vapor pressure and surfactant properties
that cause it to evaporate from surfaces and tends to segregate at step edges. In
longer timescale anneals, Antonell et al. [127] found that Te-doped InP grown by
MOCVD with a proximity cap deactivated during 1 minute RTA, lowering the
electron concentration, but showed no evidence of Te diffusion. They hypothe-
sized that the Te deactivated by forming small clusters. The dual peak may be
a result of the Te deactivating (higher wavenumber peak) and forming small,
inactive clusters in the cracked area exposed to ambient (lower wavenumber
peak).
6.4.3 Te-doped InGaAs on Si
Raman spectra were taken both before and after annealing, as shown in Fig-
ure 6.4. After annealing, Raman spectra were taken across the annealed regions
for each of the annealed currents, (85 A, 95 A, and 110 A). The Raman spec-
tra showed no significant changes in the areas where the laser passed over the
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Figure 6.3: Raman spectra of Te:InGaAs sample on InP before and after
LSA. The spectrum after LSA is taken from the middle of the
annealed region. The full spectrum is shown in (a); (b) shows a
magnified view of the LOPCM peak position.
sample compared to areas that were unannealed. Based on this, and combined
with the results from the temperature calibration, it is likely that the laser did
not couple with this sample or, if it did, was only weakly coupled.
6.5 Discussion
In general, the metastable dopant concentrations stayed relatively stable dur-
ing the 5 ms timescales of laser annealing. In areas that were visibly damaged
with slip, the sample showed signs of deactivation. This deactivation behav-
ior is expected at longer timescales. Our collaborators at University of Florida
found that the carrier density in their samples decreased with 10-minute fur-
nace anneals, as shown in Figure 6.5 [23]. The electrical results taken by our
collaborators and the Raman results for each sample are summarized below in
Table 6.1.
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(a) (b)
Figure 6.4: Raman spectra of Te:InGaAs on silicon before and after LSA.
The after LSA spectra is taken from the middle of the annealed
region. The full spectra is shown in (a), (b) shows a zoomed in
view of the LOPCM peak position.
Figure 6.5: Furnace annealing results for the same type of samples an-
nealed by LSA provided by University of Florida [23]. Sam-
ples with high, metastable carrier concentrations deactivated
with 10 minute furnace anneals.
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Table 6.1: Summary of electrical properties of the metastable samples.
Overall, the metastable dopants did not deactivate after LSA in
undamaged regions. In areas of the sample that damaged with
visible crystalline slip, the carrier concentration decreased. Both
the intact sample carrier concentration and the carrier concen-
tration collected from the damaged areas are reported, with the
damages results in parenthesis. The Te:InGaAs on Si did not
show signs of annealing, even after scanning the laser with the
maximum power, so the post-LSA results are not reported. Ra-
man characterization of the sample showed no changes before
and after the laser scan.
Sample
Pre-LSA Post-LSA
ne Hall LOPCM ne Raman LOPCM ne Raman
[cm−3] [cm−1] [cm−3] [cm−1] [cm−3]
Si:InGaAs on InP
2.86 × 1019 1575 3.4 × 1019
no change no change
(Damage) (1507) (2.9 × 1019)
Te:InGaAs on InP
3.4 × 1019 1748 4.7 × 1019
no change no change
(Damage)
(1503) (2.9 × 1019)
(1693) (4.2 × 1019)
Te:InGaAs on Si 8.0 × 1019 1790 5.1 × 1019 N/A N/A
There is a discrepancy between the measured Hall electrical carrier concen-
trations and the Raman measurements for the carrier concentrations. This is
most likely to be the result of using a Raman calibration curve to find carrier
concentrations at points which have to be extrapolated beyond concentrations
where we have data. This problem is exacerbated by the log scale of the carrier
concentration, making a small change in peak position result in a large change in
carrier concentration. The Raman spectra seems to over-predict the carrier con-
centrations for both samples on InP. In addition, the probe depth on the Raman
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system could be sampling a different part of the sample from that measured by
the Hall measurements. Raman spectroscopy analyzes the sample based on the
absorption length in the sample, whereas Hall measurements probe the most
conductive layer, which may be buried deeper in the sample than Raman can
measure. For the sample on Si, there is a 100 nm undoped InGaAs layer on top
of the sample which may be the cause of the under-prediction. Assuming that
the carrier concentration did not change since the initial measurements, it could
be that the growth was not homogeneous across the entire wafer during growth,
and the samples that were tested with Hall do not have the same electrical char-
acteristics as the samples probed with Raman. That being said, probing with
Raman across the sample adds a built-in control, so that a change in LOPCM
peak position corresponds to a relative change in carrier concentration, even if
the absolute carrier concentrations predicted are unreliable.
One of the remaining mysteries for the Te-doped InGaAs samples was the
apparent difference in annealing between the samples on InP and the samples
on silicon. Since the laser should be heating that sample by direct band gap ab-
sorption in the InGaAs film and the InGaAs has a reasonable absorption length,
the substrate should not have a direct effect on the laser’s ability to heat the
sample. To elucidate possible differences between the samples grown on InP
versus Si, we measured the Raman spectra before annealing for the different
tellurium-doped samples, as shown in Figure 6.6.
The sample on the InP substrate exhibits Raman peaks that are typical for the
samples tested previously, namely, with strong LO phonon peaks and weaker
TO peaks, the gray lines marking the primary phonon peak positions (InAs-
like: 225 cm−1 (TO), 233 cm−1 (LO); GaAs-like: 255 cm−1 (TO), 269 cm−1 (LO).
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Figure 6.6: Raman spectra with a focus on the primary phonon
peaks (with their positions marked as gray dotted lines) for
Te:InGaAs on an InP substrate or on a Si substrate. The Te-
doped sample on InP looks typical for the samples studied in
this thesis. The Te:InGaAs on Si, however, has a large peak in
the position of the R* disorder induced mode, with the position
of this mode marked with a red dotted line. This is atypical
compared to the other samples studied.
The sample on the Si substrate, however, is markedly different. It seems to
show weaker LO phonon peaks and is dominated instead by a disorder-induced
mode at 244 cm−1 (marked with a red line). This disorder-induced mode, R*, has
been identified in other InGaAs Raman samples [128, 107]. Both samples show
evidence of strain, as shown by the shifted positions of the primary phonon
peaks from their relaxed positions [129]. Compressive strain in the doped layer
was also noted after analyzing the XRD data for these samples, the large size of
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the Te dopants leads to an increase in lattice constant [10].
A review of some results due to Bhattacharya et al. is instructive here [40].
They observed two types of order, namely, atomic order and phase-separated
order. InGaAs, especially in case where there are roughly equal compositions
of In and Ga, has been found to be ordered on the cation lattice, and its atomic
ordering is growth-dependent. The most common form of ordering is the Cu-Pt
structure, which has been observed when grown with vapor phase epitaxy on
(001)-oriented substrates. On samples grown with molecular beam epitaxy on
(110)-oriented substrates, a Cu-Au-I structure is observed. The Cu-Pt-I ordering
is more favorable thermodynamically, but ordering occurs at the surface dur-
ing growth, so it is not necessarily more kinetically favorable depending on the
growth surface and growth method. Additionally, on related GaInP systems, it
was found that an increase in growth rate decreases atomic ordering and atomic
ordering reduces the band gap [40]. For InGaAs samples, Nojima et al. found
that the optical properties vary with growth method, and the growth tempera-
ture was particularly important [130].
Taking all this into account, the Raman results can be re-evaluated. The
sample grown on the silicon substrate has a large Te concentration, approx-
imately 10x that of the sample on InP substrate, 5.5 × 1020 cm−3 compared to
5.7 × 1019 cm−3, providing strain into the lattice [10]. The InGaAs capping layer
grown on top is then under tensile stress, and lattice mismatch combined with
the higher growth temperature could induce mismatch dislocations and frus-
trate ordering, leading to the large disorder induced Raman peak. This would
impact the optical properties of the sample. Assuming the mechanism for cou-
pling with the diode laser is direct band gap absorption in the InGaAs layer,
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the disorder and doping should lead to tail states (known as the Urbach Tail)
within the band edges, decreasing the band gap and leading to increased ab-
sorption [105]. Thus, disorder induced from the large dopants atoms is not a
satisfactory explanation for the poor coupling behavior between the film and
the laser.
Another possibility is that the high carrier density could be the reason the
sample is not annealing as expected. Degenerate doping of InGaAs pushes the
Fermi level into the conduction band, and, because of the small electron mass
of InGaAs, this can drastically increase the absorption edge. This has been ob-
served and reported by a few groups [131, 132, 11] and is know as the ”Burstein-
Moss shift.” With the diode laser energy of 1.26 eV, and the band gap of InGaAs
at 0.75 eV, an approximate shift of 0.5 eV would be needed to change the InGaAs
from absorbent to transparent to the diode laser light. Mun˜oz et al. found that,
for InGaAs with a carrier concentration of 3.9 × 1019 cm−3, the absorption edge
increased to 1.15 eV [132]. Considering that the Te:InGaAs sample has a doping
density well beyond that, it is a reasonable explanation for the strange behavior.
If the InGaAs is transparent to the diode laser, the light should be absorbed in
the silicon substrate. The substrate is lightly doped so the absorption length is
long, as well at the thermal transport length. This could make it so that surface
temperature on the sample, where the temperature calibrations read, is low.
6.6 Summary
The dopant concentrations in the metastable samples are stable under laser an-
nealing up to sample damage, which occurs through crystalline slip or crack-
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ing. Any area of the sample that damages also exhibits deactivation. Fig-
ure 6.7 directly compares the carrier concentrations results for the high dose
ion-implanted samples from the previous chapter to samples with the grown-
in dopants without damage investigated in this chapter. It is evident from this
graph that the samples grown with metastable dopants have much larger carrier
densities compared to the ion-implanted samples activated by laser annealing.
Depending on the carrier concentration requirements, the ion-implantation may
not provide a high enough carrier concentration. For samples with metastable
carrier concentrations, subsequent thermal processing should be kept short to
prevent deactivation if using high temperatures.
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Figure 6.7: Comparison of the laser annealing results for the ion-
implanted samples versus metastable samples with grown-in
dopants (represented as a line). Although improvements were
made to the activation limits for ion-implanted dopants, they
well below the carrier concentrations achievable with growing
in metastable dopants. The metastable dopant concentrations
unchanged with laser annealing, with the exception of deacti-
vation occurring where there was crystalline slip or where the
sample cracked.
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CHAPTER 7
GaN
7.1 Motivation
Gallium Nitride (GaN), as with other related III-N materials, combine fast car-
rier transport and high breakdown voltage, which are essential for power and
high voltage applications. Device characteristics and performance are critically
reliant on controlled p- and n-type doping. While in-situ doping can achieve rea-
sonable activation levels, spatially selective doping by ion-implantation remains
challenging. In particular, p-type dopants are notoriously difficult to activate in
GaN by thermal annealing and must be grown in using metastable methods. In
this work, we will explore the efficacy of laser spike annealing to activate and
deactivate n and p-type dopants in GaN. We investigated the behavior of both
in-situ and ion-implantation-doped samples.
7.2 Sample Details
Wurtzite-structured GaN samples were used in this study, provided by our col-
laborators in the Xing research group at Cornell. The samples were up to 1 cm
x 1 cm in size. Initial tests for laser annealing were conducted to verify the fea-
sibility of annealing using either the CO2 or diode laser. Three general sample
types were used for all the studies, as shown in Figure 7.1. GaN is notoriously
difficult to grow with controlled defects, so carefully grown epilayers of GaN
with well-controlled defects are fabricated on substrates of sapphire or GaN. In
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(a) (b) (c)
Figure 7.1: Cross-sectional view of the GaN samples: (a) diode laser-
annealed sample featuring a tungsten absorber layer, (b) CO2
laser-annealed GaN on sapphire, and (c) CO2 laser-annealed
GaN on GaN.
the case of the GaN on GaN sample, the substrate has higher levels of defects,
and the lower defect GaN epilayer is needed to make well-controlled devices.
On all the samples, an ≈80 nm PECVD silicon nitride capping layer was added
to prevent nitrogen evaporation during high temperature annealing.
GaN is transparent to the 980 nm light of the diode laser. To aid with light
absorption during laser annealing, an additional 200 nm layer of tungsten was
deposited to ensure optical coupling between the sample and the laser (see Fig-
ure 7.1a). The CO2 laser annealing study was conducted on GaN films epitaxi-
ally grown on either GaN or sapphire substrates (Figure 7.1b and Figure 7.1c).
After the feasibility of laser annealing was established on intrinsic GaN
films, as will be discussed in the following section, p-type GaN samples were
grown with a typical p-type dopant for GaN (Mg) on either GaN or sapphire
substrates. Some of these samples were subsequently ion-implanted with the n-
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type dopant, Si, with a box implant to a target concentration of 1 × 1019 Si/cm3
and to a depth of 400 nm, with the ultimate goal of forming p-n junctions. The
non-implanted samples were used as a control to compare to the samples im-
planted with Si.
7.3 Laser Annealing Methods
Our initial studies focused on the feasibility of conducting millisecond laser an-
nealing of GaN samples in an atmosphere of air. Laser annealing critically relies
on the optical properties of the sample at the laser wavelength. While laser
annealing has been previously explored for dopant activation in ion-implanted
GaN, the majority are based on pulsed lasers [87, 58]. One group used a CW
CO2 laser to anneal GaN with light absorption occurring in the sapphire sub-
strate, for annealing times on the order of minutes [133]. For this study, both the
CO2 and diode continuous wave lasers were explored for annealing.
For the diode laser, GaN is transparent to the 980 nm light, so a 200 nm tung-
sten film was deposited to ensure optical coupling. The absorption of the sam-
ple was tested at low laser power (the diode laser was set just past the laser
turn on current threshold), at which the sample reflected roughly 50% of the
light. This implies that the other 50% of the light was transmitted to the sample.
At the CO2 laser wavelength (λ=10.6 µm), the absorption coefficient (216 cm−1)
and low reflectivity (8%) ensure effective coupling directly to the GaN for laser
annealing [90].
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7.4 Laser Annealing Temperature Characterization of GaN
Samples
As with the samples from previous chapters, the approximate maximum an-
nealing temperature reached during laser annealing was established using the
dwell-dependent, thermal decomposition behavior of a block copolymer film
(poly(styrene-block-methyl methacrylate), 70 wt.% polystyrene), previously
characterized to well-calibrated anneals on silicon substrates. Polymer films,
≈60 nm thick, were spun on the sample. Polymer decomposition following
laser annealing is clearly visible in the optical images and was quantitatively
analyzed using the Plot Profile function in ImageJ. The GaN samples have not
been characterized using resistor measurements; consequently, the spatial ther-
mal profile has not been established. This means that the farther away on the
sample from the polymer decomposition, the less certain the predicted temper-
ature.
7.4.1 Diode Temperature Characterization
A tungsten-coated, ion-implanted, GaN p−n junction sample was annealed with
the 980 nm diode laser using a 5 ms dwell. Gold dots were deposited on the
sample and then polymer was spun onto the sample. The sample was annealed
with single scans across the sample, ramping the power in 5 A increments until
the sample showed visible signs of annealing. The sample broke into two pieces
at 65 A without showing signs of the gold melting. Copper tape was then added
to the edges of the remaining half of the sample to reflect the diode light, thus
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protecting the sample from thermal shock from the laser entering and leaving
the sample. The copper tape covered the gold dots so they were no longer used
as a temperature calibration. The sample was then laser-annealed, starting at
65 A, up 95 A, where the sample shattered. Based on the width of the single
polymer decomposition line in the dark field image and no clear transition to
full decomposition in the bright field micrograph (as shown in Figure 7.2), the
peak annealing temperature reached by the sample was ≈750 ◦C. This predicted
peak temperature constitutes a large extrapolation of temperature from poly-
mer decomposition reference point based on the spatial profiles of silicon used
in our lab. Since the polymer did not fully decompose, the temperature must
be below ≈810 ◦C. A large crack that occurred during annealing is also appar-
ent in Figure 7.2. Because this type of damage was not apparent in the CO2
laser-annealed samples on sapphire, we attribute this damage to thermal stress
associated with the longer dwell time, the broad focus of the diode laser, and
the light absorption in the thick tungsten layer. This temperature, at this short
timescale, will be insufficient to activate ion-implanted dopants. Based on this
low damage threshold, the remainder of the studies focused on using the CO2
laser to anneal samples.
7.4.2 CO2 Temperature Characterization
For all other GaN samples, annealing behavior under CO2 illumination was ex-
plored with a 1 ms dwell. Effective coupling was established for GaN on both
GaN and sapphire substrates. Between the two sample types, large variations
in annealing behavior was evident. In general, samples on sapphire damaged
at a lower power density, which could be a result of low thermal conductivity of
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(a) (b)
Figure 7.2: Micrographs of the polymer- coated GaN sample after anneal-
ing at 95 A for 5 ms, (a) bright field and (b) dark field. The
sample cracked during laser annealing, as evident in the im-
ages. A faint color difference where the sample has lightened
in the bright field image, shows the beginning of polymer de-
composition. In the dark field image (b), the bright blue out-
line more clearly identifies the start of polymer decomposition.
The absences of a second set of bright blue outlines confirms
that the sample did not reach a high enough temperature to
completely decompose the polymer. Thus, the sample reached
a temperature between the initial and complete decomposition
temperature of the polymer.
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sapphire and possible strong light absorption in the sapphire due to the long ab-
sorption length of GaN. The GaN on GaN substrates damaged at higher power
densities. In both cases, the annealing and damage threshold changed signif-
icantly based heterostructure and doping, making it very difficult to compare
results across samples. This also made it so the damage threshold and pre-
diction of annealing temperature predictions had to be re-established for each
sample type, a time-consuming process. This leads to large inconsistencies and
uncertainty when comparing results across different sample types and makes
it extremely difficult to not only understand the cause of the differences seen
between samples but also if those differences are repeatable.
Initial temperature calibrations were based on the onset of damage on GaN
substrates at moderate CO2 powers (46 W or 850 W/cm), Figure 7.3. For the
1 ms dwell, the polymer completely decomposes at 900 ◦C, allowing a calibra-
tion curve to be developed. Figure 7.3a and Figure 7.3b show the result of this
temperature calibration The polymer is dark and the GaN substrate is light col-
ored. Part of the polymer on the top of the sample was removed with solvent
as shown in Figure 7.3b before annealing to show clearly where the polymer
decomposed. Figure 7.3a shows scans of increasing power density. From left to
right: 28 W shows partial polymer decomposition, 30 W show partial decom-
position, and 32 W shows complete decomposition. Figure 7.3b displays a scan
at 46 W, with full decomposition and sample damage.
Based on the width of the polymer decomposition, we estimated the peak
annealing temperature using Figure 7.3c and Figure 7.3d. As expected, this re-
lationship is roughly linear. At the power density where the sample damages
(850 W/cm), the peak temperature becomes dependent on the damage extent. If
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(a) 1 ms: 28 W, 30 W, and 32 W (b) 1 ms: 46 W
(c) Spatial temperature (d) Peak Temperature
Figure 7.3: The result of the temperature calibrations using 1 ms scans
with the CO2 laser to anneal GaN substrates. The bright field
micrographs (a,b) show the polymer coated areas as dark, and
the areas that the polymer has thermally decomposed as light.
(a) From left to right, anneals were performed at 28 W, 30 W,
and 32 W. The polymer partially decomposed in the 28 W
and 30 W scan and completely decomposed in the 32 W scan.
(b) Annealing was performed at 46 W, which reached a high
enough temperature to fully decompose the polymer as well
as thermally damage the sample. The sample damage appears
black in the middle of the scan. On the top right portion of
the sample that appears light, the polymer was removed with
solvent prior to annealing to make the polymer decomposition
easier to identify. (c) The expected spatial profile is based on
the spatial profile from the thin film resistors on silicon com-
bined with the measured polymer widths from (a) and (b). (d)
The resulting peak temperature estimations (including addi-
tional samples) shows that the predicted peak temperature fol-
lows a roughly linear trend with laser power, as expected. Peak
temperatures reach an estimated 1400-1600 ◦C before damage is
occurred. 125
the sample cracks, it reaches a lower temperature compared to sample that has
visible thermal damage but no cracking. The peak temperature that the samples
can reach is estimated to be between 1400-1600 ◦C based on this study, although
there is a large uncertainty in predicting temperatures far from the 900 ◦C cal-
ibration point. The use of the silicon spatial profiles for initial estimates for
predicting the spatial profiles appears to be justified, based on GaN and silicon
having very similar thermal conductivities.
This analysis was repeated for doped heterostructure samples grown on
GaN substrates, as summarized in Figure 7.4. The annealing conditions shown
in Figure 7.4a (44 W, 46 W, and 48 W), all show complete polymer decompo-
sition (the polymer is orange in the image and complete decomposition occurs
when the sample turns lighter in color). Additionally, all samples show a color
change to blue in the areas with temperatures above the polymer decomposi-
tion temperature. The 46 W and 48 W annealing scans show visible annealing
damage on the sample.
Comparing the two peak temperature graphs, as shown in Figure 7.5, the
device structures do not couple as strongly with the laser, as evidenced by the
higher powers needed to reach the same peak temperatures. By comparing the
power density and predicted temperature that damage occurred at between the
two samples, it appears that the device sample damage at lower temperature by
≈300 ◦C.
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(a) (b)
Figure 7.4: The result of the polymer decomposition temperature calibra-
tions using 1 ms scans with the CO2 laser to anneal GaN device
structures on GaN substrates: (a) (from left to right) anneals at
44 W, 46 W, and 48 W showing full polymer decomposition and
(b) the resulting peak temperature estimations.
Figure 7.5: Comparison of the temperature calibrations for two of the CO2
laser-annealed samples on GaN substrates. The samples on
GaN substrates couple with the laser more effectively and are
able to reach a higher estimated temperature before damaging.
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7.5 Raman Characterization of GaN Samples
Previous groups have used Raman spectroscopy as a powerful probe of crys-
talline quality, implantation damage, carrier concentrations, and relative hole
concentrations in GaN [18]. This work uses micro Raman spectroscopy, us-
ing the Renishaw InVia Confocal Raman microscope in backscattering mode
with 488 nm excitation and a spot size of 1 µm, to rapidly characterize the
GaN properties as a function of position on the sample and, ultimately, an-
nealing temperatures once the spatial temperature and peak temperature are
well-characterized.
We collected Raman spectra perpendicular to the annealing stripe for the
ion-implanted samples annealed at 850 W/cm with a 1 ms dwell. Since the GaN
samples are optically transparent, it was found to be critical to use the confocal
mode on the microscope in order to eliminate undesired signals from deeper
layers within the sample or even the tape securing the sample to the slide.
Raman spectra were mapped in 5 µm steps over the ion-implanted GaN sam-
ple on sapphire. A portion of the collected spectra from both the right and the
left of the laser scan are displayed as offset waterfall plots in Figure 7.6.
The Raman spectra show the expected characteristic GaN peaks [18] (EH2
at 568 cm−1 and A1(LO) at 734 cm−1 and smaller, implantation damage-related
peaks at 300, 420, 670 cm−1, with initially little change in intensity with laser
annealing. As the annealing temperature is increased (moving close to the cen-
ter of the annealing stripe), a peak appears at 480 cm−1 and shifts to 515 cm−1
as annealing temperature is increased. This is initial evidence of the frequency
shifting TO phonon-plasmon coupled mode that would indicate n-type carriers
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(a) (b)
Figure 7.6: The Raman spectra taken in 5 µm steps from the left side of
the annealing stripe (a) and the right side (b). Moving up the
plots, the spectra are taken closer to the laser stripe, the bottom
black line being unannealed. The gray lines are to guide the
eye regarding the position of the TO and LO phonon modes.
As the laser annealing temperature on the sample is increased,
coupled mode peaks appear on the sample around 480 cm−1
and shifts to 515 cm−1 at higher annealing temperatures. The
shift in this peak shows that the implant becomes active and the
carrier concentration on the sample increases as the annealing
temperature is increased.
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(a) (b)
Figure 7.7: The Raman spectra taken from the left side of the annealing
stripe (a) and the calibration for converting peak position to
carrier concentration (b). Moving up the plots, the spectra
are taken closer to the laser stripe, the bottom black line be-
ing unannealed. The colored arrows in (a) identify the coupled
peak positions and their corresponding carrier density is high-
lighted in (b). The coupled peaks show that the sample exhibits
dopant activation, with carrier concentrations in the 1 × 1019 to
5 × 1019 cm−3 range.
[18].
Looking at higher resolution spectra collected for larger 20 µm steps across
the sample, both the L− peak and the L+ can be resolved in Figure 7.7a. The
arrows point out the coupled mode peaks. Figure 7.7b provides a graphical
representation of predicted carrier concentrations based on the peak position.
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7.6 Discussion
One of the most interesting results of this analysis is that the predicted carrier
concentration surpasses the 1 × 1019 Si/cm3 implant concentration. If the pre-
dicted carrier concentration from Raman is correct and the implant was cor-
rectly measured, the increase in carriers would have arise from other charged
defects, perhaps thermodynamically favored charge vacancies [48] or the high
laser annealing temperatures are allowing the capping layer to act as a source of
dopants [67, 76, 77] or maybe another unidentified source. More work is needed
in order to identify if the Raman predicted carrier concentration in correct. If the
carrier concentration is indeed greater than the implant concentration, the next
step is to identify the type of defect that is leading to this behavior. In order
to gain a greater understanding of this system, other characterization methods
beyond Raman should be used.
7.7 Summary
This work shows the feasibility of using short timescale, high temperature, laser
spike annealing of GaN materials with a high power CW CO2 laser. The wave-
length of the CO2 laser couples efficiently to GaN films and substrates as well
as GaN on sapphire substrates. Samples reached peak annealing temperatures
that are estimated to be between 1200-1600 ◦C before damaging, based on an
absolute temperature calibration using a thermally decomposing polymer. On
ion-implanted samples, we studied the activation behavior using Raman spec-
troscopy. We found evidence of an increase in carrier density in the laser an-
nealed sample, though the carrier density surpasses the concentration of the
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implant. More work is needed to confirm this result.
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CHAPTER 8
CONCLUSIONS AND FUTURE WORK
8.1 Conclusions
This work focused on exploring the efficacy of short timescale laser annealing
of III-V materials, specifically InGaAs and GaN, to improve dopant activation
and finding ideal characterization techniques to probe the structural and elec-
trical changes in the samples that resulted from this laser annealing. These III-V
materials have ideal electronic properties that position them as good candidates
to make improvements in high-efficiency and high-performance electronic de-
vice applications. However, controlling the doping process in these compound
materials has proven to be unexpectedly complicated, especially with respect
to the response of the material to thermal processing. Traditional annealing
techniques, such as furnace annealing and rapid thermal annealing, are charac-
terized by longer annealing times and lower annealing temperatures than are
explored in this thesis. The long annealing times are beneficial in terms of their
ability to repair crystalline damage made to the material by doping through ion-
implantation, but the long times leads to properties that are limited by thermo-
dynamics. The lower annealing temperatures have the disadvantage that they
limit the activation of dopants. Unfortunately, the vapor pressure of the group
V atom (arsenic or nitrogen, in the cases studied here) causes the material to
thermally decompose as the annealing temperature is increased, which is com-
pounded by the longer annealing times. This behavior provided the motivation
to significantly limit the annealing time through the use of sub-millisecond laser
annealing (to limit As or N evaporation) at a suitably high enough power to al-
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low the samples to reach higher temperatures than is afforded by furnace and
RTA. Hence, increasing the proportion of activated dopants while simultane-
ously limiting the damage that occurs in the material due to thermal decompo-
sition.
Using lateral gradient laser spike annealing (LSA) combined with spatially
resolved characterization techniques, we were able to conduct a large-scale de-
sign of experiments to explore short timescale anneals with a built-in, unan-
nealed control on the sample. This set up allowed us to analyze the effect of
annealing time (in the time range of 250 µs to 10 ms) and the entirety of temper-
ature space from unannealed locations at room temperature up to temperatures
that lead to thermal damage, all within a single LSA scan. We combined these fast
laser annealing scans with the rapid, non-destructive characterization technique
of Raman spectroscopy, used to monitor the progress of crystalline repair and
dopant activation simultaneously. We found that the high temperatures that
could be reached during LSA were effective at activating dopant concentrations
that were kinetically limited, although the short timescales did not completely
repair crystalline damage. Even at the short timescales of LSA explored, ther-
mal decomposition through evaporation was evident on uncapped samples.
By combining protective capping layers with LSA, the evaporation of group V
atoms can be effectively limited, even at the high temperatures unattainable by
longer-timescale annealing processes. For high-dose, ion-implanted samples,
we were able to improve the number of activated dopants from the thermody-
namic limit of 1.4 × 1019 cm−3 to 1.8 × 1019 cm−3, a 29% increase. To put this result
in context, an improvement smaller than this would be considered as grounds
for immediate adoption in the semiconductor industry. Importantly, this work
also shows that, unlike longer time-scale annealing methods, LSA allows us to
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retain the metastably high levels of activated dopants in III-V samples made
possible by processes such as MBE and MOCVD, right up to the point at which
the sample becomes damaged by the action of the laser-induced high tempera-
tures. In contrast, furnace annealing and RTA of such metastably high dopant
concentrations results in a significantly reduced level of activated dopants to
the thermodynamic limit of 1.4 × 1019 cm−3 given sufficient annealing time and
temperatures. The limitation on activation behavior for ion-implanted silicon
dopants in InGaAs seems to result from the amphoteric nature of the dopants
and implantation damage, similarly to what is observed as a result of longer
timescale annealing methods.
For samples with very high active carrier concentrations, doping modifies
the interaction between the laser light and the material. The Fermi level is
pushed into the conduction band and, for samples with low electron effective
masses, the absorption characteristics of the material are modified. This change
in absorption increases the energy of light at which the sample absorbs. This
means that, for samples with very high metastable doping concentrations and a
carefully chosen laser type, the material will be optically transparent with high
carrier concentrations and will absorb in areas with low carrier concentrations.
Practically, this could be used to selectively anneal areas of samples, as long
as the thermal diffusion distances are less than the feature sizes of interest for
samples with heterogeneous carrier concentrations.
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8.2 Future Work
This work can be extended in two different directions: through improving our
mechanistic understanding of the effects of laser annealing on III-V materials
and through the development of complementary in-situ and ex-situ characteri-
zation techniques suitable for laser-annealed samples.
8.2.1 Understanding and Optimizing Laser Annealing for III-V
Materials
Suggested Sample Improvements for Improved Electrical Activation
Part of the emphasis of this work centered on determining whether laser anneal-
ing could activate ion-implanted dopants. We found that the high temperatures
accessible through laser annealing (LSA) are effective at activating dopants, but
lower temperature anneals with longer annealing times are needed to repair im-
plantation damage. Crystalline damage degrades device performance and was
frequently encountered in our studies; hence, it is worth further investigation
to minimize the appearance of damage. Future work should look into the ef-
fect of using samples that already exhibit improved crystalline quality before
annealing, either by limiting damage during implantation through heated im-
plants or by incorporating a lower temperature, long annealing step to repair
implantation damage before undertaking LSA.
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Bridging Research-Scale Results with Industrial Requirements for Large-
Scale Adoption
For all the III-V materials which were laser-annealed during this study, we
found that the temperature “window” for maximal dopant activation is located
very close to the temperature limit at which the sample becomes damaged.
From a practical standpoint, this makes laser annealing difficult to recommend
for widespread industrial adoption. For this thesis, the samples were annealed
until the point at which they damaged to explore the entire temperature space
up until damage. A high activation is not useful if it cannot be obtained without
the samples cracking or melting. It would be useful to determine if reasonably
high dopant activation is possible with laser annealing while simultaneously
avoiding damaging the samples. Along this same idea, it would be useful to ex-
plore area annealing the samples with overlapping laser scans (unlike the single
scan approach adopted here), as well as exploring spatially selective annealing
through masking with a reflective film or pattering of absorber layer on top or
buried within a sample. The stability of the metastable carrier concentrations
would also be useful to study. By introducing a longer timescale furnace anneal
after LSA, we can determine the stability of these metastable carrier concen-
trations with further thermal processing, which is important to determine for
industrial adoption.
An important option to pursue would be to monolithically integrate InGaAs
films onto silicon substrates. Ultimately, this most likely will be required for
high-performance transistor applications. The source of damage for the laser-
annealed InGaAs samples seems to stem primarily from damage to the InP sub-
strate, which is extremely brittle and melts at the temperatures explored during
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this laser annealing study. Using mechanically superior silicon substrates may
allow the samples to reach slightly higher annealing temperatures, although the
melting temperature of InGaAs will limit how high those temperatures can be
and the thermal expansion mismatch between the materials may lead to other
complicating issues.
Additionally, exploration into the possibility of activating ultra-shallow im-
plants in InGaAs through LSA would also be very interesting, considering that
this may be the direction that industry could take in order to form highly con-
ductive source/drain contacts.
Understanding and Improving Laser Annealing Processes
In this thesis, annealing of GaN samples has only be been explored using a sin-
gle dwell with the CO2 laser because of the large variety of sample types used.
Because heating during laser annealing critically rely on interaction between
the light and the samples, any changes in the heterostructure, composition, and
doping can drastically affect annealing behavior. This makes it extremely chal-
lenging to compare between samples and gain any real understanding of how
laser annealing modifies a sample without knowing how the annealing behav-
ior differs. By only using a single dwell, we can control for annealing time but,
without more detailed temperature calibrations for each sample type, we cannot
compare annealing temperature between samples. Additionally, when charac-
terizing samples, there are no control samples to which we can compare, so any
differences that result could be a result of differences in annealing behavior or
differences in the sample heterostructure, doping, and composition. It would be
interesting to explore a larger range of dwell times in order to determine how
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different annealing times affect the kinetics and material damage incurred by
GaN samples.
8.2.2 Recommended Characterization Techniques
This work can be extended to include complementary characterization tech-
niques with good spatial resolution that are optimized for analyzing laser-
annealed samples.
Temperature Characterization
For the samples that were used in this study, additional work is needed to un-
derstand the laser annealing heating profiles. The spatial temperature and peak
temperature profiles for GaN should be characterized using the thin film resis-
tor method used for the InGaAs system, as well as with absolute temperature
calibrations that are ideal for determining much higher annealing temperatures,
well beyond 1100 ◦C, and closer to the expected peak temperatures reached.
This would allow us to have much more certainty in the temperature measure-
ments. In addition, we need an understanding of the unexpected resistor results
for diode laser-annealed InGaAs. Finally, the differences in laser absorption and
heating profiles could be modeled with temperature- and dopant-dependent
properties using CLASP (Cornell Laser Annealing Simulation Package) for a
greater understanding of the 3D laser absorption and heat conduction through
the entirety of the sample [134, 89, 135].
Another, extremely powerful option to characterize laser annealing temper-
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atures in-situ would be to use thermoreflectance [136]. This method is currently
being developed for our laser system as an optical, contact-free method to de-
termine temperature profiles during laser annealing by shining an LED on the
sample during annealing and recording the reflected signal with a CCD cam-
era. Thermoreflectance would provide information that is complementary to
the thin film resistor method but without requiring any clean room processing,
only image analysis. Additionally, the thermoreflectance could be taken during
each annealing laser scan and at high temperature, rather than having to ex-
trapolate the low temperature behavior of the thin film resistor results to other
samples.
Electrical, Optical, and Compositional Characterization
This work would be enhanced greatly by the implementation of collection of
complementary characterization techniques. For example, micro-Hall measure-
ments using patterned van der Pauw devices, or capacitance-voltage profiling
could be used to compare to the carrier concentrations found with Raman spec-
troscopy. This would be extremely valuable as a comparison to the Hall mea-
surements made by other groups for longer timescale annealing methods. Ad-
ditionally, photoluminescence and IR spectroscopy could be used as a comple-
mentary, non-destructive optical technique to Raman in order to give a fuller
picture of the characteristics of the sample. This includes information about
band structure, free carriers, lattice properties, impurities and defects states,
and microstructure (see Perkowitz for a combination of theory and examples for
probing semiconductors using these optical techniques [122]). Of special inter-
est is the calculations involved in local vibrational mode analysis, which probes
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defect bonding information. Currently, we are collaborating with our computa-
tional team to model the local phonon Density of States (DOS) for silicon-doped
InGaAs so that we can identify the local vibrational mode frequencies for sili-
con in different bonding sites using Raman spectroscopy. Using this technique
coupled with lateral gradient laser spike annealing, we could identify the pre-
ferred bonding environment of silicon as a function of annealing temperature
and time. Additionally, to probe changes for different depths into the sample,
other wavelengths of light can also be used with Raman spectroscopy, which
could be useful for resolving depth-dependent carrier concentrations or het-
erostructure composition. Spatially resolved SIMS measurements would also
be extremely useful as a means to quantify and confirm the dopant concentra-
tion as a function of depth and to determine if concentration-dependent dopant
diffusion takes place on the short timescales of LSA.
For the GaN samples, there is evidence of n-type carrier concentrations with
annealing, but the source of this increase in carrier concentration is unclear. It
would be very useful to determine if the carrier concentrations predicted from
Raman are accurate and, if so, which defects are responsible for the increase in
carrier concentration. These questions can be addressed using the techniques
outlined above.
8.2.3 Summary of Future Work
In general, future extensions of the work in this thesis should focus on establish-
ing a greater understanding of the complex defect behavior of the material. This
work has shown macro-scale evidence for improved electrical properties, but an
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atomic-level understanding is also crucial. This can be done through comple-
mentary optical characterization techniques such as photoluminescence and IR
spectroscopy. Additionally, a large emphasis should be put on developing opti-
cal characterization techniques like thermoreflectance that could pair with laser
annealing to rapidly and non-destructively probe the characteristics of interest
for the LSA system and annealed samples. Continued collaboration with com-
putational modeling can also help elucidate the role of thermodynamics and
kinetics in III-V systems, through a greater understanding of the interplay of
doping, defects, and temperature on behavior on an atomic scale.
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APPENDIX A
STANDARD OPERATING PROCEDURES (SOPS)
A.1 Gold Dots
This SOP gives the fabrication instructions for gold dots that are used as an
absolute temperature calibration for laser annealing.
A.1.1 SOP (Short Version)
• Oxford PECVD: Run ”High Rate SiO2” at 350◦C to deposit 50 nm SiO2
• Spin LOR 5A (dispense at 500 rpm, 100 rpm/s, 5s; spin at 3000 rpm, 500
rpm/s, 30 sec)
• Bake at 180◦C for 5 min
• Spin nLOF 2020 (4000 rpm, 4000 rpm/s, 30 s)
• Bake at 110◦C 1 min
• Expose nLOF series with dose of 66 mJ/cm2 using Gold Dots Mask and
Ruby lift to duplicate pattern
• Post-exposure bake at 110◦C for 1 min
• Overdevelop in AZ 300MIF for 2 min
• Rinse with DI water and dry w/ nitrogen gun
• Evaporator: Deposit 1.5 nm Cr and 25 nm Au
• Lift-off in 1165
• DI water rinse and dry using N2
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A.1.2 SOP (Long Version)
Oxide Layer
Gold is a fast diffuser in InGaAs. The oxide layer should help with fabrication and
will allow gold melt to be observed without having to worry diffusion/eutectic/alloying.
Additionally, the surface energy of the oxide makes it so we can directly compare our
results with the temperature calibrations on silicon samples.
• Deposit 50 nm of SiO2 using the Oxford Plasma Enhanced Physical Vapor
Deposition (PECVD)
• Run ”High Rate SiO2”, at 350 ◦C
– Deposits 250 nm/min, but check that calibration did not change in
tool handbook
– For 50 nm, deposit for 12 seconds
• Run ”High Rate Clean”, at 350 ◦C for 10 min + deposition time
Note: You can check film thickness using Rudolph FTM (in Class I resist room).
Assume refractive index of film is less than the wafer (r f < rw) and use refractive index
for thermal oxide.
A.1.3 Patterning
Gold Dots use a lift-off process and negative tone resist. The gold dot mask and Ruby
Lift are in bins just ahead and to the left of the entrance in either Byungki or Willeman
box.
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Lift-off Resist
• Spin LOR 5A (in Class II resist room)
– Deposit 1-2 drops at 500 RPM (rate), 100 RPM/s (ramping speed), for
5 seconds
– Spin at 3000 RPM, 500 RPM/s, 30 sec
– Tap edges with swab or on wipe to remove edge bead
– Bake for 5 minutes at 180 ◦C on the LOR hot plate
– The LOR should be ≈ 550 nm thick
Photoresist
• Spin AZ nLOF 2020 (in Class I resist room)
– Deposit at 4000 RPM, 4000 RPM/s, 30 seconds (1-2 drops)
– Tap edges with swab or on wipe to remove edge bead
– Bake for 1 minute at 110 ◦C
– The nLOF should be ≈ 2 µm thick
Expose
• Expose using ABM or Suss MA6 contact aligner
– Use Gold Dot mask (CV alignment Au mask from 4/17/2014- Cr side
towards sample, label towards back of tool)
– On ABM
∗ Use 365 lens with no filter
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∗ Exposure T ime (s) = Dose (mJ/cm
2)
Intensity (mW/cm2)
∗ Dose for n-LOF 2020 is 66 mJ/cm2
∗ Intensity will vary over time and between tools, it will be listed
on the tool (mW/cm2)
∗ Example: Assuming the intensity on ABM for the 365 nm lens
with no filter is 11.8 mJ/cm2, Exposure T ime (s) =
66 mJ/cm2
11.8 mW/cm2
=
5.6 s
∗ Use screws to block vacuum for small pieces (on MA6, use the
small piece chuck)
∗ Be careful not to break the piece during the exposure! Be gentle
when raising the stage, and makes sure to hold down the depress
chuck level button.
∗ Use Ruby Lift between the mask and the lamp to block light and
selectively expose regions of sample. Use this to duplicate gold
dots on top and bottom of InGaAs, See Figure A.1 for ideal lay-
out.
– Post exposure bake for 1 minute at 110 ◦C
Develop
• Develop in AZ 300MIF
– Find AZ 300MIF in base cabinet
– Place sample face up in developer and swirl for 2 minutes
– Rinse with DI water gun while removing, and place in DI water
– Dry front and back with N2 gun
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Figure A.1: Pattern of the gold dots on the sample. Use Ruby Lift to selec-
tively pattern one half of the sample at a time. Not to scale.
Note: This recipe may need more development time, look under yellow light micro-
scope for well defined gold dots. Try developing for more time if photoresist remains on
unexposed regions. It is also very important to have good contact during the exposure
step since the features are small. If you need to start over, soak in 1165 for a few hours to
remove the photoresist. If satisfied with patterning, you can take the sample into white
light.
A.1.4 Metal Deposition
Metal depositions are done using SC4500 Odd Hour Evaporator or the CHA evaporator.
Use thermal evaporation for the chrome (wire) and either thermal or e-beam evaporation
for the gold.
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• Attach small samples using yellow evaporator tape just on the edges of
the sample
• Deposit 1.5 nm Cr adhesion layer at ≈ 0.02 − 0.03 nm/s
– Let Cr degas before depositing, pressure will go up and then back to
normal
• Deposit 25 nm gold at ≈ 0.05 − 0.1 nm/s
A.1.5 Lift-Off
• Lift-off in 1165
– Find 1165 in solvent cabinet
– Place samples in 1165 for a few hours/overnight
– Remove sample from 1165 and place in DI water while spraying with
water.
– Dry with N2 gun (front and back)
Note: If the metal does not seem to be coming off, put it in the sonicator for a while.
If metal still does not come off, gently swab it while still in 1165 (only if absolutely
necessary). If the metal lifts off, but makes contact with the sample/dries it can stick
and will not come off. Make sure to spray the sample while you remove the sample from
1165.
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A.2 Platinum Resistors
This SOP gives the fabrication instructions for platinum resistors that are used
as a relative temperature calibration for laser annealing. It fabricates a thin film
resistor on top of a samples for a relative surface temperature measurement
using four-point resistance measurements during laser annealing.
A.2.1 SOP (Short Version)
• Oxford PECVD: Run ”High Rate SiO2” at 350◦C to deposit 50 nm SiO2
• Spin LOR 5A (dispense at 500 rpm, 100 rpm/s, 5s; spin at 3000 rpm, 500
rpm/s, 30 sec)
• Bake at 180◦C for 5 min
• Spin S1805 (4000 rpm, 4000 rpm/s, 30 s)
• Bake at 90◦C 1 min
• Overexpose S1805 series by 30% with dose of 1.3 × 18 mJ/cm2 using Ther-
mistor Layer 1 Mask
• Post-exposure bake at 90◦C for 1 min
• Overdevelop in 726 MIF for 2 min
• Rinse with DI water and dry w/ nitrogen gun
• Odd hour evaporator: Deposit 2 nm Cr (wire, thermal) and 40 nm Pt (no
crucible, e-gun)
• Lift-off in 1165
• DI water rinse and dry using N2
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• Spin LOR 5A (dispense at 500 rpm, 100 rpm/s, 5s; spin at 3000 rpm, 500
rpm/s, 30 sec)
• Bake at 180◦C for 5 min
• Spin S1805 (4000 rpm, 4000 rpm/s, 30 s)
• Bake at 90◦C 1 min
• Overexpose S1805 series by 30% with dose of 1.3 × 18 mJ/cm2 using Ther-
mistor Layer 2 Mask
• Post-exposure bake at 90◦C for 1 min
• Overdevelop in 726 MIF for 2 min
• Rinse with DI water and dry w/ nitrogen gun
• Odd hour evaporator: Deposit 250 nm Ni (crucible,e-gun)
• Lift-off in 1165
• DI water rinse and dry using N2
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A.2.2 SOP (Long Version)
Oxide Layer
When high temperatures are reached on InGaAs the increased conductivity can cause
resistors to short. Oxide layer insulates the devices, preventing shorting.
• Deposit 50 nm of SiO2 using the Oxford Plasma Enhanced Physical Vapor
Deposition (PECVD)
• Run ”High Rate SiO2”, at 350 ◦C
– Deposits 250 nm/min, but check that calibration did not change in
tool handbook
– For 50 nm, deposit for 12 seconds
• Run ”High Rate Clean”, at 350 ◦C for 10 min + deposition time
Note: You can check film thickness using Rudolph FTM (in Class I resist room).
Assume refractive index of film is less than the wafer (r f < rw) and use refractive index
for thermal oxide.
A.2.3 Platinum Layer Patterning
Thin film resistors use standard Lift-off process and positive tone resist. These steps
create the thin platinum wire that the laser passes over during temperature calibrations.
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Lift-off Resist
• Spin LOR 5A (in Class II resist room)
– Deposit 1-2 drops at 500 RPM (rate), 100 RPM/s (ramping speed), for
5 seconds
– Spin at 3000 RPM, 500 RPM/s, 30 sec
– Tap edges with swab or on wipe to remove edge bead
– Bake for 5 minutes at 180 ◦C on the LOR hot plate
– The LOR should be ≈ 550 nm thick
Photoresist
• Spin S1805 (in Class I resist room)
– Deposit at 4000 RPM, 4000 RPM/s, 30 seconds (1-2 drops)
– Tap edges with swab or on wipe to remove edge bead
– Bake for 1 minute at 90 ◦C
– The S1805 should be ≈ 500 nm thick
Expose
• Overexpose by 30% using ABM or Suss MA6 contact aligner
– Use ”Thermistor Layer 1” mask (Cr side towards sample, label to-
wards back of tool)
– On ABM
∗ Use 365 lens with no filter
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∗ Exposure T ime (s) = 130% × Dose (mJ/cm
2)
Intensity (mW/cm2)
∗ Dose for S1805 is 18 mJ/cm2
∗ Intensity will vary over time and between tools, it will be listed
on the tool (mW/cm2)
∗ Example: Assuming the intensity on ABM for the 365 nm lens
with no filter is 11.8 mJ/cm2, Exposure T ime (s) = 130% ×
18 mJ/cm2
11.8 mW/cm2
= 2.0 s
∗ Use screws to block vacuum for small pieces (on MA6, use the
small piece chuck)
∗ Be careful not to break the piece during the exposure! Be gentle
when raising the stage, and makes sure to hold down the depress
chuck level button.
– Post exposure bake for 1 minute at 90 ◦C
Develop
• Overdevelop in MIF 726
– Find MIF 726 in base cabinet
– Place sample face up in developer and swirl for 2 minutes
– Rinse with DI water gun while removing, and place in DI water
– Dry front and back with N2 gun
Note: Look under yellow light microscope for well-defined patterned resistors. If you
need to start over, soak in 1165 for a few hours to remove the photoresist. If satisfied
with patterning, you can take the sample into white light.
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A.2.4 Platinum Metal Deposition
Metal depositions are done using SC4500 Odd Hour Evaporator. Use thermal evapora-
tion for the chrome (wire) and e-beam evaporation for the platinum.
• Attach small samples using yellow evaporator tape just on the edges of
the sample
• Deposit 2 nm Cr adhesion layer at ≈ 0.02− 0.03 nm/s using thermal evap-
oration off the Cr wire
– Let Cr degas before depositing, pressure will go from 2 × 10−6 torr to
about 1 × 10−5 torr and then back to normal, this happens when you
heat the Cr wire
• Deposit 40 nm Pt at ≈ 0.05 − 0.1 nm/s using e-beam evaporation
A.2.5 Lift-Off
• Lift-off in 1165
– Find 1165 in solvent cabinet
– Place samples in 1165 for a few hours/overnight
– Remove sample from 1165 and place in DI water while spraying with
water.
– Dry with N2 gun (front and back)
Note: If the metal does not seem to be coming off, put it in the sonicator for a while.
If metal still does not come off, gently swab it while still in 1165 (only if absolutely
154
necessary). If the metal lifts off, but makes contact with the sample/dries it can stick
and will not come off. Make sure to spray the sample while you remove the sample from
1165.
A.2.6 Nickel Layer Patterning
This basically a repetition of the steps for patterning and deposition of the platinum
layer with a different mask and metal film. This is to make the metal contact pads to
wirebond the packaging to.
Lift-off Resist
• Spin LOR 5A (in Class II resist room)
– Deposit 1-2 drops at 500 RPM (rate), 100 RPM/s (ramping speed), for
5 seconds
– Spin at 3000 RPM, 500 RPM/s, 30 sec
– Tap edges with swab or on wipe to remove edge bead
– Bake for 5 minutes at 180 ◦C on the LOR hot plate
– The LOR should be ≈ 550 nm thick
Photoresist
• Spin S1805 (in Class I resist room)
– Deposit at 4000 RPM, 4000 RPM/s, 30 seconds (1-2 drops)
– Tap edges with swab or on wipe to remove edge bead
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Figure A.2: Resistor mask layout mask showing the placement of the
alignment mark. The large gray squares are the nickel contact
pads and the thin yellow lines are the platinum wires.
– Bake for 1 minute at 90 ◦C
– The S1805 should be ≈ 500 nm thick
Expose
• Overexpose by 30% using ABM or Suss MA6 contact aligner
– Use ”Thermistor Layer 2” mask (Cr side towards sample, label to-
wards back of tool)
– When exposing, place mask in frame so that the alignment marks (See
Figure A.2) faces the top. Load the sample so the alignment mark
is facing the same direction. Align this mark on the sample to the
alignment mark on the frame.
– Overexpose S1805 series by 30% with dose of 1.3 × 18 mJ/cm2
– Post exposure bake for 1 minute at 90 ◦C
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Develop
• Overdevelop in MIF 726
– Find MIF 726 in base cabinet
– Place sample face up in developer and swirl for 2 minutes
– Rinse with DI water gun while removing, and place in DI water
– Dry front and back with N2 gun
Note: Look under yellow light microscope for well defined patterned resistors. If you
need to start over, soak in 1165 for a few hours to remove the photoresist. If satisfied
with patterning, you can take the sample into white light. It is important that the Pt
resistor wires are connected, without any breaks. If you do not have four contacts to the
resistor, you will not be able to take measurements.
A.2.7 Nickel Metal Deposition
The metal deposition are done using SC4500 Odd Hour Evaporator. Use e-beam evap-
oration for the nickel.
• Attach small samples using yellow evaporator tape just on the edges of
the sample
• Deposit 250 nm nickel (in a crucible) at ≈ 0.1 − 0.2 nm/s using e-beam
evaporation with the recommended procedure for nickel in the evaporator
manual
– Ni can be difficult to evaporate because it can spit. If you cannot reach
250 nm, as long as you get to 200 nm, its okay.
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– If possible, start the evaporation early. Evaporating 250 nm at 1 /s
takes 40 minutes. If you dont want to rush (ramping up too slowly
can cause spitting), start early and have your samples ready to load
before you log on.
A.2.8 Lift-Off
• Lift-off in 1165
– Find 1165 in solvent cabinet
– Place samples in 1165 for a few hours/overnight
– Remove sample from 1165 and place in DI water while spraying with
water.
– Dry with N2 gun (front and back)
Note: If the metal does not seem to be coming off, put it in the sonicator for a while.
If metal still does not come off, gently swab it while still in 1165 (only if absolutely
necessary). If the metal lifts off, but makes contact with the sample/dries it can stick
and will not come off. Make sure to spray the sample while you remove the sample from
1165. If you realize something went terribly wrong at this point, samples may be used
again, by soaking in HF to remove the oxide layer (which should remove the metal layers
as well) though you are probably better off getting new samples at this point.
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A.2.9 Wire Bond Thin Film Resistors
Wire bond resistors using standard lead packages using West Bond 7400A Ultrasonic
Wirebonder (Duffield 228).
• Epoxy the resistor to the packaging
– Try to center the resistor, make sure the put the resistor in the correct
direction. The shorter wire should be on top, and the lead packaging
has a circle in the top left corner. See Figure A.3(a). Let dry overnight
• Connect each resistor contact pad to the packaging with two wire bonds,
see Figure A.3(b)
– Make some practice bonds. If the bonds are not sticking, you will
need to alter the tool settings
– a good starting point is
∗ Tool Heat: 4
∗ Channel 1 Time: 4, Power: 80 (3)
∗ Channel 2 Time: 4, Power: 80 (3)
• After packaging, Use Ohm meter to test lead resistances. Place them be-
tween two opposing wires contacts. (Standard is around 1 kΩ)
159
(a) (b)
Figure A.3: Top views of the resistor packaging (a) showing the correct
orientation of the packaging and (b) with the resistor with the
yellow lines marking the wirebonds to make with the wire-
bonder.
A.3 Frequently Asked Questions
What chuck do I use for 6X6 mm pieces?
Class I resist room: There is a small piece chuck on the top of the spinner hood.
Class II resist room: Use the small screws in the chuck drawer, screw them in
tightly into the spinner. You can also borrow the small chuck from the Class I
Room, just make sure it is completely free of photoresist before you use it. Make
sure to clean it well and return it after you are done. If you do this, it is best to
do it when the clean room is not very busy so someone does not get frustrated
looking for the small piece chuck.
What do I do to if the spinner does not recognize my piece?
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This could be for multiple reasons. The back of your substrate or chuck may be
dirty or there could be solvent in the vacuum line. First take off the sample, put
it back on, and try to center again. If this does not work, clean the back of your
sample and try again. If this does not work, clean your chuck, and try again.
Finally, if it still will not work, try a new spinner (the solvent will evaporate
after a while).
How do I remove an edge bead of resist? On small samples, there is an edge
bead of resist that builds up after spinning. The easiest way to remove an edge
bead of resist is to immediately get a clean room swab and lightly touch the
edges of the sample in order to soak up extra resist. It is important to remove
this bead because if you do not, it will solidify during the bake and create an
uneven surface which could lead to sample cracking during exposure. A swab
with 1165 also works if the photo resist has dried.
What do I do if the PR does not develop properly?
If you are pre/post baking, and using the right exposure time/developing time,
and it is still not working, it is possible that the PR or developer has gone bad.
Try again with a fuller bottle of developer or replace your PR.
What is the difference between a positive and negative photoresist?
Good question! It has to do with how the photoactive compound in the pho-
toresist respond to light. A positive photoresist will dissolve where it has been
exposed to light when it is developed. Whereas for negative photoresist, the
unexposed regions will dissolve when developed. Always check your mask to
make sure you are using the correct mask/photoresist combination.
What is LOR and what solvents can I use with it?
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LOR stands for ”Lift Off Resist” and is used for metal liftoff processes. It is used
in conjunction with a photoresist for patterning. Lift off processes for evapo-
rated metals are nice because it avoids having to use a metal etch step. LOR is
not photo sensitive so it is okay to take it into white light. To remove LOR edge
beads after they have dried, use a swab with ”Remover PG” in hood of Class
II resist room before baking. To strip off samples with LOR use ”1165” from
the flammable cabinet of resist development room. Do not try to use acetone to
remove LOR, it cross links.
Where can I learn more about the photoresist I am using?
In the Class I resist room there is a giant binder with all sorts of information on
the photoresists used in CNF. It is a great place to look if you are troubleshoot-
ing the photolithography part of your recipe or making a new recipe. It has
information like recommended spin speeds, exposure dose, and developer.
How do I replace/refill my resist?
Dispose of old/bad resist in Flammable Solvents waste bottle. Rinse bottle with
acetone then isopropanol (these also go into the flammable solvent waste). Then
fill again with resist from Flammable Cabinet in resist room. P20 can also be
replaced. It is in a large bottle at the bottom of the other flammable cabinet
where acetone is stored.
What if I finish off a bottle developer or solvent?
Do not put it back in the cabinet, instead take it to area with acid hoods. There
is a bottle rinsing station in between the hoods. Open one of the containers
and remove the previously rinsed bottle and cap. Place these in the cleaned
container bin (with cap off). Place your empty bottle over the rinsing faucet and
place the cap outwards. Close the lid and press the rinsing foot peddle at the
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bottom.
How do I clean wafers/pieces?
If you want to clean Class I resist off your wafer (or just clean it in general),
you can do this with acetone and isopropanol. Spin the wafers at 4000 RPM,
4000 RPM/s, and 60 seconds. Spray heavily with acetone for 10 seconds, then
spray with acetone and IPA for 10 seconds, then spray with IPA for another 10
seconds. Make sure it spin dries all the way. Use the magnet (with a hook on
it) to block the top left corner of the spinner so that you dont have to close the
lid. If you have a lot of wafers that need resist removal, run them though the
hot resist strip bath. (10 min in bath 1, 10 min in bath 2, and rinse in bath 3) Dry
in spinners to the left.
How do I clean a mask?
If your mask gets dirty during exposure, you can clean it with acetone/IPA.
Wipe the dirty part with acetone on a swab. Then spray the whole thing with
acetone followed by IPA. Then dry with N2 gun. There is also a mask cleaner in
the Class I resist room.
Can I wait to expose or develop after spinning my pieces?
You can wait a few days after spinning/baking resist to expose them or after
exposing to develop them. Just make sure you store them inside the yellow
light area (there are some boxes label ”Byunki Jung” or ”Michael Willemann”
near the exit that you can put the samples in). You can likely wait a few weeks
after developing to move forward with your process, just keep them in the clean
room.
Where can I learn more about the science and theory of micro and nano fabrication?
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See: S.A. Campbell, Fabrication Engineering at the Micro- and Nanoscale, Fourth
Ed. (Oxford University Press, New York, 2013) [52].
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